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Abstract 
Zinc oxide is regarded as an attractive semiconductor alternative to the most 
commonly used silicon and GaAs owing to its abundancy, thermodynamic stability 
and the large variety of morphologies it can be grown into. Among these 
morphologies, nanowires (NWs) have gathered vast attention as an ideal research 
platform for new and enhanced functionalities of ZnO. One of these functionalities is 
the integration of ZnO into the renewable production of hydrogen from water 
splitting. In this thesis, the growth of ZnO NWs, its doping and surface 
functionalization are studied with the aim of developing highly efficient 
photoelectrochemical (PEC) water splitting photoanodes.  
 Before delving in the functional application, a growth study of the ZnO NWs 
was necessary to understand the factors that control this growth. For this, a seed 
mediated chemical bath deposition (CBD) approached was explored in detail and 
adopted. Control over NW growth was obtained by tuning the seed layer deposition 
with two different techniques (atomic layer deposition and sol-gel processing) and 
by controlling the CBD parameters. This study demonstrated that NW diameter, 
length, growth orientation and crystallinity can be controlled by this approach.  
 To modulate the optoelectronic properties, ZnO NWs were doped with two 
different transition metals, copper and cobalt. A detailed study of the optoelectronic 
properties of these doped-ZnO NWs revealed that the introduction of cobalt into the 
ZnO lattice considerably improved the optoelectronic properties of ZnO. This 
enhancement was induced by the introduction of traps states in the bandgap of ZnO 
prompted by the interaction between the sp orbitals of ZnO and the d orbitals of Co. 
In particular, a 1% nominal doping yielded the most promising results of this study. 
 Further improvement of the ZnO properties towards PEC water splitting was 
achieved by functionalizing the surface of the NWs with iridium and a metal-organic 
framework the zeolitic imidazolate framework-8 (ZIF-8). The successful integration 
was demonstration by electron microscopic analysis that showed the control of this 
conformal surface functionalization. The integration of Co-doping and ZIF-8 
functionalization resulted in a large enhancement of the PEC performance of the ZnO 
NWs, doubling the photogenerated current and the stability over time while also 
increasing the incident photon-to-current efficiency from 11% for ZnO NWs to 75% 
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Semiconductor technology has revolutionized society in a way that very few 
discoveries can match. Since the discovery of the first semiconductor effect by 
Faraday1 in the first half of the 19th century to the invention of the first transistor by 
Bardeen, Shockley and Brattain2 in 1947 at Bell Labs to the current Information Era 
we live in, based on computers and telecommunications, semiconductors are one of 
the cornerstones upon which modern society is built. Gordon Moore predicted in 
19653 (the well-known Moore’s Law) that the advancement in semiconductor 
technology would lead to one of the most important technological feats of humanity: 
the miniaturization of semiconductor devices, particularly metal-oxide-
semiconductor field-effect transistors (MOSFETs). This miniaturization has made it 
possible for all of us to have access to computers, mobile phones and an endless 
stream of other devices that, 50 years ago, would have only been part of science 
fiction. The principal building block of this semiconductor technology and one of the 
most precious resources to society nowadays is silicon, which can be thought as the 




Among the many contributions that semiconductors have made to the world, 
one of the most important is the development of renewable sources of energy and, 
in particular, solar energy4. The core concept of this technology is the absorption of 
solar energy and its transformation into electricity by a semiconductor. The most 
common semiconductor used in solar technology is silicon5. Research on 
photovoltaic solar cells has been ongoing for more than half a century, which has 
advanced the efficiencies with which a solar cell work from around 4% to the current 
day values reaching as high as 26%6. As attractive and beneficial as silicon-based solar 
technology is, it is not able to fulfil the ever-increasing global energy demands and, 
therefore, phase out fossil fuels (petrol, natural gas). In addition, due to the global 
demand for silicon and applications constraints, other semiconductors are currently 
being investigated to obtain competitive alternatives to silicon technology that can 
diversify the semiconductor market. The ideal alternative should be a material as 
abundant as silicon that can be easily processed and integrated in existing technology 
while, at the same time, challenging the performance obtained from silicon-based 
devices. Although this seems like an almost unattainable goal, researchers have 
found other semiconductors such as GaAs7, Fe2O38, TiO29 or ZnO10 that can compete 
with silicon, be it because of their availability, performance or cost. Among these, 
ZnO has risen as one of the most attractive alternatives owing to its abundancy, 
thermodynamic stability and semiconducting properties. ZnO is a direct 
semiconductor with a wide bandgap and wurtzite crystal phase as its most stable 
crystal structure. In addition, ZnO has attracted the attention of researchers in the 
last two decades thanks to the variety of morphologies11 it can be grown into. This, 
along with its base properties and the ease with which these can be modified, have 
made ZnO an attractive research material platform in the quest of finding 
alternatives to silicon12.  
The search for alternative renewable clean energies has resulted in researchers 
finding hydrogen as the potential solution to the global energy demand13, 14. 
Hydrogen is known as the element that powers stars15 and harnessing this power is 
most certainly attractive. Not only is the combustion of hydrogen highly energetic 
(its combustion enthalpy has a value of -286 kJ/mol) but it is also very clean, 
generating only water vapour as by-product. However, there are two main hurdles 




that hydrogen technology needs to overcome before being considered viable16. The 
first is controlling the combustion, as hydrogen is highly explosive. The second is the 
sustainable production of hydrogen17.  
Nowadays, the majority of hydrogen is produced from hydrocarbon 
reforming18, 19, an industry directly dependent on fossil fuels. As such, alternative 
routes to the production of hydrogen must be developed to ensure a sustainable 
supply of hydrogen. One of these routes is known as photoelectrochemical water 
splitting. In short, this is a technology based on converting solar energy into chemical 
energy by using a semiconductor that can absorb light and use this energy to split the 
chemical bonds of a water molecule, yielding hydrogen and oxygen as a result of the 
process. The first report on such technology was provided by Fujishima20 in 1972 and, 
since then, research has pushed towards the development of efficient 
photoelectrochemical water splitting cells21. This technology is, potentially, the 
cleanest possible form of energy as it only requires a light source and water to 
produce hydrogen, which would be subsequently burnt to produce water vapour, 
thus resulting in a cyclic process.  
As photoelectrochemical water splitting is a process that requires a 
semiconductor subjected to a demanding combination of properties, research has 
thus focused on developing such a suitable semiconductor22. In this sense, the 
material should ideally have a low cost, be abundant and functionally should provide 
a large amount of photocurrent generated with high efficiency over a long lifetime. 
ZnO is one of the candidates for this application due to its low cost and common 
availability. However, ZnO suffers from some key drawbacks such as its wide 
bandgap, or poor photocurrent generation, and the performance stability over time, 
which currently limits the potential application of ZnO in photoelectrochemical water 
splitting.  
1.2 Aims of the thesis 
The aim of this thesis is the development of different functionalization strategies that 
can help boosting the performance of ZnO in photoelectrochemical water splitting 
by modifying some of the intrinsic properties of ZnO that are problematic in its 
application in water splitting. For this, a combinational nanotechnological approach 
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in the form of ZnO nanowires was selected due to its large potential. The properties 
of ZnO were modulated both from the inside and outside by means of internal doping 
of the crystal structure of ZnO and by functionalizing its external surface with a metal-
organic framework. These three features (nanostructural approach, doping and 
surface functionalization) are shown to largely enhance the performance of ZnO in 
photoelectrochemical water splitting while providing a functional mechanism for this 
improvement. This is considered to be a significant step forward for the potentially 
widespread implementation of ZnO in photoelectrochemical water splitting. 
 ZnO nanowires were selected as the nanomorphology that could provide the 
best photoelectrochemical performance owing to their large surface-to-volume ratio 
and their small lateral charge transfer distance. ZnO nanowires were grown by a 
seed-mediated chemical bath deposition process under different growth conditions. 
The ensuing growth study, backed by electronic microscopy techniques, was utilised 
to determine the growth conditions that would be deemed best for the functional 
performance of these ZnO nanowires as water splitting photoanodes. To modify the 
properties of these nanowires, cobalt and copper doping and two different strategies 
of surface functionalization were explored in terms of growth and optoelectronic 
properties to determine which of the different enhancements proposed would have 
a greater impact on the water splitting performance of the ZnO nanowires. 
 The subsequent photoelectrochemical study of the functionalized ZnO 
nanowires provided deeper insight into the performance of these nanowires as water 
splitting photoanodes as well as the functional mechanism that governs the 
enhancement of the performance. This mechanism paves the way for the application 
of the strategies proposed in this thesis into other material systems, be it using 
different semiconductors or other possible functionalizations of ZnO. 
1.3 Thesis outline  
The initial chapters of the thesis, Chapters 2-4, provide the necessary background for 
the understanding of the concepts described in the results. These results are the core 
of this work and represent the scientific outcomes obtained in this thesis, gathered 
in Chapters 5-8. As such, the thesis starts with a description of the principal physical 
concepts that govern the properties of semiconductors as well as the basics of the 




targeted application, photoelectrochemical water splitting, which provides the 
underpinning physics needed to understand and put into context the research 
presented in this thesis. For this, an introduction to semiconductor physics is 
provided, focusing first on the crystalline structure of semiconducting inorganic 
solids. This is followed by a brief description of what the electronic band structure is 
and how can it be formally obtained. Finally, a discussion of the processes involved 
in photonic excitation and subsequent recombination of charge carriers is provided. 
The introduction to the semiconductor physics is followed by a description of some 
of the most relevant morphologies that any inorganic semiconductor can adopt, with 
a particular emphasis on those at the nanoscale. Finally, the theoretical background 
required for the discussion of photoelectrochemical water splitting is provided, going 
from the basic theory that describes the process to the different efficiencies that 
govern it and how the most important metrics used to determine the performance 
of a photoanode were obtained in this work. 
 In Chapter 3, a detailed description of ZnO from a material science point of view 
is provided. Starting with a snapshot of its most significant structural and 
optoelectronic properties, the focus is then shifted to the multitude of different 
techniques used to grow ZnO, divided into gas phase and liquid phase growth 
techniques. This is followed by a discussion of the various nanomorphologies in 
which ZnO can be grown. This discussion is structured on the basis of the 
dimensionality of the morphology in question, i.e. depending on how many 
dimensions of the nanomorphology are in the nanoscale. This forms the general 
introductory section of the chapter. The second part of this chapter details the 
growth and functionalization of the ZnO morphology selected for this work, that is 
nanowires (NWs). As such, first the growth of textured seed layers by atomic layer 
deposition and sol-gel processing are described, followed by the growth of ZnO 
nanowires by chemical bath deposition. Finally, the doping during growth of the 
nanowires and post-growth surface functionalization are discussed. 
 The different ZnO nanowire growth and functionalization methodologies and 
the analytical techniques utilised throughout the thesis to study the properties and 
performance of the ZnO nanowires are described in Chapter 4. For this, the growth 
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of the ZnO seed layers, ZnO nanowires, doping and surface functionalization are 
consequently discussed. This is followed by an introduction to the different types of 
microscopy techniques used: atomic force microscopy, scanning electron microscopy 
and transmission electron microscopy. As a continuation, the x-ray related 
techniques, x-ray diffraction and x-ray reflectivity are presented, followed by the 
spectroscopic techniques used to analyse the chemical environment of the ZnO 
nanowires. These techniques are x-ray photoelectron spectroscopy and energy 
dispersive x-ray spectroscopy. The second to last part of the chapter is dedicated to 
the discussion of the optical analysis utilised in this thesis, namely ultraviolet-visible 
spectroscopy, fast transient absorption spectroscopy, photoluminescence and 
cathodoluminescence spectroscopy. Finally, the experimental conditions under 
which the photoelectrochemical characterization of the ZnO nanowires was carried 
out are provided.  
 The first results are shown in Chapter 5, in which a study of the controlled 
growth of ZnO nanowires is presented. This study shows the control over the growth 
of the ZnO nanowires depending on the deposition technique used for the seed layer 
(atomic layer deposition or sol-gel processing), the conditions under which these 
seed layers are deposited and the parametric influence of the chemical bath 
deposition conditions. This vast parameter space is explored and the results are 
demonstrated by means of electron microscopy and statistical studies extracted from 
these microscopy analyses. The crystallography of the ZnO nanowires is also studied, 
demonstrating their single crystal quality. 
 In Chapter 6, the doping of the ZnO nanowires with two transition metals, 
cobalt and copper, is explored, along with the influence that this doping has on the 
optoelectronic properties of the nanowires. Detailed optical analyses were carried 
out to understand the electronic structure of the doped nanowires and how the 
introduction of these dopants changed the electronic band structure and charge 
carrier dynamics of ZnO. Based on the results observed in this chapter and a thorough 
literature review, a theoretical model for the electronic band structure of the 
material is proposed.  
 The surface functionalization of ZnO is discussed in Chapter 7. This discussion 
is divided in two main sections, depending on the functionalizing material used. The 




first part deals with the use of iridium as enhancer of the photoelectrochemical 
performance of the ZnO nanowires. For this, it is shown that self-assembled iridium 
nanoparticles can be deposited on the lateral faces of the ZnO nanowires, forming a 
functionalizing layer that shows promise for water splitting. The second part is 
focused on the surface functionalization of ZnO nanowires using a metal-organic 
framework (MOF), the zeolitic imidazolate framework-8. This MOF was shown to be 
integrated following two different solution based techniques, drop casting and spin 
coating. The structural and optical characteristics of these metal-organic framework 
functionalized nanowires were studied to understand their potential in water 
splitting. 
 The photoelectrochemical study of all the ZnO nanowire-related structures 
discussed in Chapters 5, 6 and 7 is provided in the final results chapter, Chapter 8. 
This shows a detailed study of the performance of undoped, doped, functionalized, 
and doped and functionalized ZnO nanowires in terms of their total photocurrent 
generated, on-off behaviour and photoconversion efficiency. The different 
performances observed for these groups of nanowires are discussed based on the 
results of the previous chapters. The photoelectrochemical study presented in this 
chapter shows the large potential that the integration of doping and surface 
functionalization of ZnO nanowires has on its performance photoelectrochemical 
water splitting photoanode. In addition, a theoretical model that includes doping, 
surface functionalization, electronic band structure and carrier dynamics is proposed 
in an effort to further push the understanding of these nanomaterials and enable the 
utilization of ZnO nanostructure in this functional application. 
 The final chapter of the thesis, Chapter 9, is the conclusion of the thesis. In this 
chapter, the principle findings and results extracted from the results chapters are 
summarised, showcasing their importance within the fields of material science and 
photoelectrochemistry. The final part of the chapter comprises the discussion on the 
new ideas and approaches that form the possible future work based on the results 
extracted from this thesis and that would serve as a steppingstone to further the 
knowledge and importance of the field. 
 
















This chapter provides an overview of the main physical properties of semiconductors, 
their many morphologies and the necessary considerations and theoretical 
background for their application in photoelectrochemistry. First, a detailed 
introduction on what a semiconductor is and the physics that govern their key 
properties is provided. The discussion of these properties of semiconductors will 
serve as the theoretical basis for the results described in the later chapters of the 
thesis. In this sense, particular attention will be paid to the description of the 
structure of crystalline solids and how this is directly related to the intrinsic 
semiconducting characteristics of the material in question. This is followed by a 
discussion of the energy levels and band structure of semiconductor materials and 
the importance that these have on the functional application of semiconductors. 
Finally, the description of the processes of photoexcitation and subsequent 




generation of carriers is provided, setting the basis for the later discussion on 
photoelectrochemistry.  
Second, the multiple morphologies that semiconductors can adopt are 
described, starting from single crystal silicon to the different nanomorphologies that 
have been the focus of semiconductor research in the recent years. As third and final 
part of the chapter, an in-depth view of the photoelectrochemistry of 
semiconductors is presented. This describes what photoelectrochemistry and 
photoelectrochemical (PEC) water splitting are, analyses the underpinning physics of 
the PEC process, its requirements from a materials science point of view and covers 
how the different metrics that are used to describe the PEC performance of a 
semiconductor can be measured and compared. This last section of the chapter will 
be used as the basis for the discussion of the results presented in Chapter 8 that 
pertain to the PEC performance of all the ZnO-based functional devices developed in 
this thesis.  
2.2 Basic physics of semiconductors: background theory and 
charge carrier photogeneration 
Semiconductors are a type of material that have an electrical conductivity in between 
that of insulators and conductors due to either the presence of an impurity in its 
structure or induced by a change in temperature. Independently of the origin of the 
semiconducting character, semiconductors have revolutionized science and our day 
to day lives in previously unimaginable ways. From computers to televisions and 
communications, semiconductors have been at the core of the progress of humanity 
into the Information Era we currently live in. Therefore, understanding the 
underpinning physics that govern the properties of semiconductors is paramount 
from a scientific point of view. For this, it is necessary to first discuss the crystal 
structure and properties of solids, as these are the basis for any functional 
semiconductor device. It should be noted that the focus of this work from here 
onwards will be on inorganic crystalline solids. Other semiconductor materials such 
as amorphous semiconductors23, 24 or organic semiconductors25-27 will not be 
discussed here, please refer to the literature provided for further reading on these 
two other types of semiconductors. The description of the crystal structure of solids 
Chapter 2. Theoretical background and photoelectrochemistry of semiconductors  
10 
 
will then be utilised to study one of the most important characteristics of 
semiconductors, i.e., their electronic band structure. Band theory is a key component 
in the description of the semiconducting properties of a material as it provides an 
explanation for the presence, formation and transport of charge carriers (electrons 
and holes) within a crystalline solid. These charge carriers can be generated by 
different types of excitations such as thermal, electromagnetic or photonic. The 
latter will be described in detail here since the focus of this thesis is the 
photoelectrochemical application of ZnO nanostructures, which is highly dependent 
of the photogeneration of charge carriers. The introduction to semiconductor physics 
provided here is also a snapshot of the field. Further information on the properties 
of inorganic semiconductors can be obtained in the works of Mishra28 and Neamen29. 
2.2.1 Crystal structure of inorganic semiconductors 
The crystal structure is the description of the ordered arrangement of atoms in a 
crystalline material. The quality of the crystal structure is key for the performance of 
any semiconductor device. In this sense, the best crystal quality of a solid 
corresponds to a single crystal, which means that the crystalline solid is formed by a 
single, continuous and uninterrupted crystal structure that has no defects in its 
structure. The most important and well-known single crystal semiconductor material 
is silicon, which will be described in a later section of this chapter. If the crystal 
structure of a solid has growth defects or impurities it cannot be considered a single 
crystal and, therefore, exerting control over these defects and impurities is key to 
ensure and tune the performance of any semiconductor device.  
To describe the crystal structure of a solid, there are a set of concepts and 
parameters that must be detailed. The first of these concepts is the lattice of a crystal 
structure, which represents a set of ordered points that form a periodic structure. 
Therefore, the crystal structure of a single crystal material will be formed by a single 
lattice reproduced over space. Crystal lattices are formed by atoms and, thus, the 
concept of basis of a lattice needs to be introduced. The crystal basis is the building 
block of the crystal and it is usually defined by a single or a pair of atoms characteristic 
of the crystalline material. Therefore, a crystal will be the sum of a lattice and a basis30 
in such a way that the atom from the basis will occupy specific position on the lattice.  




Any lattice is defined by a set of three vectors, labelled here as a, b and c, so 
that any point in the lattice, R, can be obtained by translation as follows, 
 𝑹 = 𝑚𝑎 + 𝑛𝑏 + 𝑝𝑐 [Eq. 2.1] 
where m, n, p are integers. In the case that the three vectors a, b and c form a cell of 
the lattice with the smallest possible volume, the vectors will be called primitive 
vectors and the volume cell they enclose is thus defined as the primitive cell31. The 
repetition by simple translation operations of this primitive cell in three-dimensional 
space will fill all the lattice space without leaving gaps. Due to the existence of this 
primitive cell that fills all the lattice space, the lattice of any crystal is demonstrated 
to have a periodicity that can help define the symmetry of the structure. This permits 
the description of symmetry groups that encompass lattices with the same structural 
properties. In total, there are 14 different types of three-dimensional lattices that are 
defined by their primitive vectors a, b and c and the angles α, β and γ between them. 
Among these, there are two families of lattices that comprise the crystal structure of 
the most common semiconductors: cubic and hexagonal32. 
 The cubic crystal system is the simplest possible crystal structure that a solid 
can have as the unit cell is in the shape of a cube. This means that the three primitive 
vectors are equal and the three angles previously defined are 90°. There are three 
main varieties of this crystal system (see Figure 2.1), depending on the position of 
the atoms of the basis within the lattice: 
• Primitive cubic, which has atoms only on the corners of the cube. 
• Body-centered cubic (bcc), which has an atom in the centre of the cubic unit 
cell as well as on the corners of the cube. 
• Face-centered cubic (fcc), which has an atom in the centre of the lateral faces 
of the cube along with the atoms on the corners. 
One case of particular interest of cubic crystal structure is obtained when two 
fcc lattices are interpenetrated, with one displaced from the other by a factor of 
a/4, with a being the primitive vector. This type of structure has two atoms per 
basis, as shown in Figure 2.1d for the zinc blende structure of ZnO. Depending on 
the nature of these two atoms, the crystal structure will either be the diamond 
cubic structure, if both atoms are the same, or a zinc blende structure, if the  




Figure 2.1. Three principal varieties of the cubic crystal system a) primitive, b) body-centered and c) 
face-centered, depending on the position of atoms in the lattice. The primitive vectors a, b, c and the 
angles α, β and γ between them have been included in the primitive cubic cell for clarity. d) Example 
of a zinc blende crystal structure, in particular that of ZnO. In this structure, blue atoms represent Zn 
and red atoms, oxygen. 
atoms are different. These two structures are the most important in the 
semiconductor industry. The diamond structure is that found in elemental 
semiconductors like silicon or germanium, which are the most widely used 
semiconductors, particularly silicon. In contrast, the zinc blende structure is 
characteristic of materials such as GaAs or CdS, known as compound semiconductors. 
Compound semiconductors are commonly denoted by the position of the atoms that 
form them in the periodic table, i.e., III-V for GaAs or II-VI for CdS. Although 
compound semiconductors are less common in industry (albeit industrially viable) 
compared to the ubiquitous silicon, semiconductor research in the past couple of 
decades has been mostly focused on these due to their outstanding tunability and 
nanoscale morphologies that show great potential33, 34. 




The hexagonal crystal system is also very important in semiconductor 
technology. The most common structure within this system is the hexagonal close 
pack structure (hcp). One of the most common examples of an hcp structure is the 
wurtzite crystal structure, which has a considerable importance in semiconductor 
technology as it is the crystal structure of many compound III-V and II-VI 
semiconductors such as BN, GaN, SiC or ZnO35, 36, the latter being the focus of this 
thesis. A schematic of the ZnO wurtzite structure is shown in Figure 2.2. The wurtzite 
crystal structure is formed by two sets of hcp structures, one for each type of atom 
of the compound semiconductor. In this way, each atom is tetrahedrally coordinated 
with four atoms from the other element. A key feature of the wurtzite structure is 
the lack of inversion symmetry, which confers piezoelectric37 and pyroelectric38 
properties to semiconductor materials with this crystal structure.  
 
Figure 2.2. Schematic representation of the wurtzite crystal structure, in particular for ZnO. The blue 
spheres represent Zn atoms, while the red spheres indicate the position of O atoms. Only a slice of 
the hexagonal structure is presented here for clarity. The primitive vectors a and b are equal. 
Chapter 2. Theoretical background and photoelectrochemistry of semiconductors  
14 
 
 Once the most important semiconductor crystal structures have been 
introduced, it is necessary to describe the directions and planes within the crystalline 
material. The planes in a crystal are usually denoted by a series of integers called 
Miller indices, which are commonly used is the description of the crystal structure of 
semiconductors39. To obtain these Miller indices, first it is necessary to define a set 




𝑎 · 𝑏 · 𝑐
;  𝑏∗ = 2𝜋
𝑎 · 𝑐
𝑎 · 𝑏 · 𝑐
; 𝑐∗ = 2𝜋
𝑎 · 𝑏
𝑎 · 𝑏 · 𝑐
 [Eq. 2.2] 
where a, b and c are the primitive vectors. These reciprocal lattice vectors are such 
that, 
 𝑎 · 𝑎∗ = 2𝜋; 𝑎 · 𝑏∗ = 0 [Eq. 2.3] 
thus resulting in a general reciprocal lattice vector G, akin to R described in Eq. 2.1, 
given by, 
 𝑮 = ℎ𝑎∗+𝑘𝑏∗+𝑙𝑐∗ [Eq. 2.4] 
where h, k, l are the integers known as Miller indices. These Miller indices are 
determined by finding the intercepts of the plane with the basis axis in terms of 
lattice constants (a, b, c) and subsequently obtaining the reciprocals of these number 
as per Eq. 2.2. As a final step, these reciprocal vectors must be reduced to the 
smallest integer possible, while maintaining their ratio. These three smallest 
reciprocal numbers are the h, k, l Miller indices and are always presented between 
parenthesis as in (h k l). If a plane intercepts one of the axis in the negative side of 
the axis, then said Miller index will have a bar “‾” accent. For example, should the 
plane intercept the x axis on the negative side, then the Miller indices would be 
(ℎ̅ 𝑘 𝑙).  
Figure 2.3 shows three different planes in a cubic system with their 
corresponding Miller indices. In particular, the (1 0 0), (1 1 0) and (1 1 1) planes are 
shown for a primitive cubic crystal structure. The description of planes by Miller 
indices is of importance when describing the crystal structure of a semiconductor as 
this structure can determine some of the physical and surface properties of a 
semiconductor. These indices are also helpful in the identification of the different 
crystal phases that a semiconductor can grow in, thus providing a better 
understanding of the functionality of a material.  





Figure 2.3. Schematic representation of three different planes with their corresponding Miller indices 
in a primitive cubic crystal lattice. The primitive vectors a, b and c are equal, hence the labelling as a.  
2.2.2 Crystal defects 
Up to now, the description of crystal structures has been done under the 
consideration of crystals being perfect, defectless, ordered arrangements of atoms. 
However, in reality, defects are present during crystal growth either due to 
thermodynamic considerations (such as a change of the conditions during the 
growth) or by the introduction of impurities.  
Independently of whether these defects are introduced intentionally or 
unintentionally, their presence has to be considered and controlled to ensure that 
their introduction is not detrimental to the optical and electronic properties of the 
semiconductor. These defects can be characterized as single point defects, affecting 
individual atoms in the lattice, or more extended as planar and volume defects that 
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affect entire unit cells40. Point defects are particularly important in the 
semiconductor industry.  
These defects can be present in many different forms (Figure 2.4)41: 
• Vacancies, which correspond to an atom missing in the crystal lattice of the 
material. This is effectively a void in the lattice that strains it as the environment 
of the neighbouring atoms is different than normal. 
• Interstitial defects, which are atoms that assume normally unoccupied positions 
in the crystal lattice. This creates a distortion in the lattice dependent on the 
nature of the interstitial atom, both its size and electronic structure. There are 
two types of interstitials, namely self and impurity interstitial species. The former 
is an interstitial of the same nature as the atoms that form the lattice of the 
materials while the latter is an interstitial atom of different nature than those 
that form the lattice. 
• Substitutional defects occur when an atom of different nature to those that form 
the crystal lattice is introduced in a position in the lattice that is normally 
occupied by an atom. Therefore, a distortion in the lattice parameters will take 
place as the substitutional atom will be either smaller or larger than those of the 
original lattice. This can also induce changes in the optoelectronic properties of 
the semiconductor, depending on the nature of the substitutional atom.  
These point defects (highlighted in Figure 2.4) are a result of doping the 
semiconductors, which is the process by which impurities are purposefully 
introduced into a semiconductor with the aim of modifying the electronic structure 
and optoelectronic properties42. A more in detail discussion on doping and its effect 
on the properties of semiconductors is provided in the next section. Other 
semiconductor lattice defects will not be discussed in this work as point defects are 
the most interesting for the goal of this thesis. More information on semiconductor 
defects can be found in the comprehensive work by Rockett43. 
2.2.3 Electronic band structure of semiconductors 
The electronic band structure of a solid describes the energy levels that an electron 
may or may not have within the solid. Thus, the electronic band structure is formed 
by allowed and forbidden bands that electrons can and cannot occupy. A formal  





Figure 2.4. Schematic representation of an atomic lattice showing the principal types of point defects 
(vacancy, self and impurity interstitial and substitutional interstitials) discussed here. The red and grey 
atoms represent elements other than those of the lattice. 
description of the band structure is required for the correct understanding of the 
concepts linked to it. For this, only a crystalline solid with a periodic structure is going 
to be considered. This formal description is based on quantum mechanical methods. 






∇2 + 𝑉(𝑟, 𝑡)] 𝜓(𝑟, 𝑡) = 𝐸𝜓(𝑟, 𝑡) [Eq. 2.5] 
where ħ is the reduced Planck’s constant, corresponding to ħ=h/2π; m0 is the mass 
of an electron, E is the energy of the system and V(r,t) is the potential energy of the 
electron, yielding ψ solutions, where ψ is the electron wave function28. These ψ 
solutions are a series of allowed energy values that represent the energy levels in 
which electrons can be found. Those values that are not part of the solution form the 
forbidden bands in which electrons cannot be found.  
 The ψ wave functions obtained as solutions to the Schrödinger equation in a 
periodic crystalline solid are considered independent of time. Hence, the Schrödinger 





∇2 + 𝑉(𝑟)] 𝜓(𝑟) = 𝐸𝜓(𝑟) [Eq. 2.6] 
Chapter 2. Theoretical background and photoelectrochemistry of semiconductors  
18 
 








= 𝐸𝜓(𝑟) [Eq. 2.7] 
In a periodic crystal, the Schrödinger equation can be solved following Bloch’s 
theorem, which states that the energy eigenstates for an electron in a crystal can be 
represented by a Bloch wave such as 
 𝜓𝑘(𝑟) = 𝑒
𝑖𝑘·𝑟𝑢𝑘(𝑟) [Eq. 2.8] 
where ψ is the Bloch wave, k is the wave vector and u(r) is a periodic function in r 
that is periodic with the periodicity of the lattice. Assuming a single unit cell of the 




= −𝑖𝑘𝑒𝑖𝑘·𝑟;  
d2𝜓(𝑟)
dr2
= 𝑖2𝑘2𝑒𝑖𝑘·𝑟 = −𝑘2𝑒𝑖𝑘·𝑟 [Eq. 2.9] 





· (−𝑘2𝑒𝑖𝑘·𝑟) = 𝐸 · 𝑒𝑖𝑘·𝑟 ⟹ 𝐸 =
ℏ2
2𝑚0
𝑘2 [Eq. 2.10] 
indicating that there is a parabolic relation between the energy of the system and 
the k vector associated to the wave function. The same relation can be obtained by 
using the de Broglie relation that shows the wave-particle duality44. Considering the 








 [Eq. 2.11] 
with h being Planck’s constant, m0 the electron mass and v the electron velocity. If 




 [Eq. 2.12] 







⇒ 𝑝 = ℏ𝑘 [Eq. 2.13] 
Previously it was considered that the electron has no potential energy. Therefore, 
the energy of the system corresponds only to the kinetic energy of the electron 
 







, 𝑤𝑖𝑡ℎ 𝑝 = 𝑚0𝑣 [Eq. 2.14] 
Introducing Eq. 2.13 in Eq. 2.14, it is obtained that 








𝑘2 [Eq. 2.15] 
with Eq. 2.15 being the same as Eq. 2.10. These results mean that there is a parabolic 
relationship between the energy of the system and the wave vector k by which a 
specific series of bands will be obtained that satisfy Eq. 2.6. A total of N k-values can 
be obtained, with N being an integer that corresponds to the number of unit cells in 
the crystal, hence the periodicity shown in Eq. 2.8. Figure 2.5 shows a representation  
of the energy bands obtained by solving the Schrödinger equation for a crystalline 
material. In this schematic, the allowed energy bands are separated by the forbidden 
energy bands. As shown, the separation between the allowed energy bands is 
periodic and the size of these allowed bands diminishes until the core level of the 
atoms is reached. The forbidden energy bands are commonly labelled as bandgaps, 
Eg, and will be referred to as such from now on, especially in the discussion of the 
results in the later chapters. 
 This description of band theory shows that the allowed energy states of 
electrons are formed by a series of intercalated allowed and forbidden bands. A 
crucial consideration with these allowed bands is their level of occupation, i.e., 
whether they are completely or partially occupied by electrons. To analyse this 
consideration, first it is necessary to point out that thermodynamic effects directly 
 
Figure 2.5. Schematic representation of the allowed and forbidden energy bands obtained from 
resolving the Schrödinger equation for different k wave numbers.  
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influence this occupancy45. Hence, the ideal case of 0 K is considered. At this 
temperature, if a band is completely occupied by electrons, the net charge will be 
zero as electrons are particles that can only move to empty states and, hence, carry 
no current in a filled band due to the unavailability of these empty states. This results 
in a situation by which there is a completely occupied energy band, followed by a 
bandgap and a completely empty band, resulting in an infinite effective resistivity. 
This is the case for semiconductors and insulators. If an energy band is only partially 
filled, then the presence of available empty states will allow electron conduction, i.e. 
a net current, which implies a lower resistivity, characteristic of metals. Following this 
considerations and for the particular case of semiconductors at 0 K, the highest 
occupied energy band is called valence band, whereas the next band after the 
bandgap that is unoccupied is named conduction band. There are multiple 
subsequent valence and conduction bands provided by the periodicity of the crystal 
but, for simplicity, only the first set is discussed here. If vacuum is considered as the 
reference point, the difference between the valence band and the vacuum level is 
called the electron affinity for semiconductors46. Similarly, the difference between 
the highest occupied electronic state of a metal and the vacuum level is known as 
work function. A schematic of this description is provided in Figure 2.6.  
Following this description, it can be stated that, at 0 K, the valence band of a 
semiconductor is completely filled with electrons while the conduction band is 
empty. However, at finite temperatures T > 0 K, some of the electrons from the 
valence band will be thermally excited to the conduction band. These electrons in 
the conduction band can carry current as there are empty states available to which 
they can move. The electrons that are excited from the valence to the conduction 
band will thus leave unoccupied states in the valence band. These “missing” states 
are denoted as holes, which are quasiparticles with a positive mass equal to that of 
the electron and that act in an electric or magnetic field with a positive charge, thus 
being a balance to the electrons. Holes represent the absence of an electron and, 
hence, are not a particle per se, thus the quasiparticle definition. Therefore, any 
process that involves the movement of an electron (from the valence to the 
conduction band, for example) will have, as a result, the presence of a hole. 





Figure 2.6. Schematic representation of the band structure of a metal and a semiconductor. The 
highest occupied energy band of the former is partially filled while that of the latter is completely 
filled. The energy differences with respect to the vacuum level used as reference have been included. 
2.2.4 Direct and indirect bandgaps 
Up to now, the electron-hole pair has been described and the theoretical background 
for the electronic band structure of crystalline solids has been provided. Nonetheless, 
there is still an additional concept that is required while discussing the electronic 
band structure of a semiconductor. This is related to whether the semiconductor in 
question has a direct or indirect bandgap. A direct bandgap semiconductor is such 
that the valence and conduction bands have the same wave vector k. Otherwise, the 
bandgap of the semiconductor is considered indirect. This consideration for the 
bandgap of semiconductors has implications in the interaction of photons and 
electrons in the semiconductor, a process of utmost importance for the 
semiconductor industry that will be described later in this chapter. An example of the 
band structures of two of the most important semiconductors, silicon and GaAs, are 
shown in Figure 2.7a,b, respectively. With regards to pure silicon, it has an indirect 
bandgap with a value of 1.1 eV, which is considered to be a very small bandgap. 
However, its direct bandgap is much larger, having a value of 3.4 eV. In contrast, GaAs 
only has a direct bandgap of 1.43 eV at room temperature. This difference between 
direct and indirect bandgap for GaAs and Si plays, as previously mentioned, a critical 
role in the optical properties of these materials. Independently of whether the 
bandgap is direct or indirect, electrons and holes in semiconductors have a certain 
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mobility under an electric field. This means that, for example, electrons can move 
from the valence band to the conduction band either by thermal or other external 
excitation such as an electric or magnetic field or light. Therefore it is necessary to 
analyse the density of these two types of charge carriers and the effect this has on 
the properties of the semiconductor. For this, the analysis will be carried out on pure 
semiconductors, also known as intrinsic semiconductors as their semiconducting 
properties come naturally from the material itself. Silicon or GaAs are examples of 
intrinsic semiconductors. For intrinsic semiconductors at temperatures above 0 K, 
there will be electrons that are excited from the valence to the conduction band. 
Therefore, there is an electron density n and a hole density p if the material is in 
thermodynamic equilibrium. As such, it is possible to define the density of states of 
an intrinsic semiconductor. The density of states is the number of available electronic 









 [Eq. 2.16] 
where N(E) is the energy dependent density of states, m*dos is the density of states 
mass and Ec is the energy value of the edge of the conduction band. An analogous 
 
Figure 2.7. Band structure of a) silicon and b) gallium arsenide, showing the direct and indirect 
bandgap as well as the energy of this gap28.  




expression exists for the valence band, replacing the energy term for (Ev - E)1/2 with 
Ev the energy of valence band edge. For intrinsic semiconductors, as previously 
stated, the electrons in the conductions band come from the valence band. Thus, n 
= p = ni = pi, with ni and pi being the intrinsic electron and hole concentrations, 
characteristic of each semiconductor. As this concentration is characteristic of each 
semiconductor, it is necessary to estimate it to understand the properties of the 
semiconductor. In this regard, the electron density can be estimated from the density 
of states and the distribution function. The former was described in Eq. 2.16. The 
distribution function is an estimation of the occupation number of any of the energy 
levels of the studied system, as long as this system is in equilibrium. For this, the free 
energy of the system is minimized. In the particular case of electrons28, the 








 [Eq. 2.17] 
where E is the energy of the system, kB is Boltzmann constant, T is the temperature 
and EF is the Fermi level47. The Fermi level is an energy level at which, in 
thermodynamic equilibrium, there is a 50% probability that this level is occupied. 
Putting these two concepts together (density of states and distribution function), the 
electron density in the conduction band can be estimated by  




















𝑑𝐸 [Eq. 2.18] 
which for small values of n, when the unity in the distribution function can be 
disregarded, results in  
 
𝑛 = 𝑁𝑐 exp (
𝐸𝐹 − 𝐸𝑐
𝑘𝐵𝑇






 [Eq. 2.19] 
with Nc being the effective density of states in the conduction band and m*e the 
effective mass of electrons. If an analogous derivation is carried out for holes, then 
the hole concentration p obtained is 
 
𝑝 = 𝑁𝑣 exp (
𝐸𝑣 − 𝐸𝐹
𝑘𝐵𝑇






 [Eq. 2.20] 
Therefore, if the product np is calculated, the expression obtained is such as, 














) [Eq. 2.21] 
which indicates that the product np is independent of the Fermi level, being only 
dependent on the temperature and the intrinsic properties of the semiconductor in 
question. As such, the concentration of electrons and holes are inversely 
proportional for an intrinsic semiconductor in such a way that if one increases, the 
other must decrease. Moreover, the relation n = p = ni = pi is true for intrinsic 
semiconductors and, thus, Eq. 2.21 can be expressed for the concentration of the 
individual charge carriers as 
 










) [Eq. 2.22] 
From Eq. 2.22, the actual Fermi level energy can be approximated28 as a value 
dependent on the energy of the conduction and valence band as well as the effective 












) [Eq. 2.23] 
Thus, for an ideal approximation in which m*e = m*h, the Fermi level of an intrinsic 
semiconductor will lie exactly in the middle of the bandgap. In real semiconductors, 
this equality is not true and the Fermi level will be slightly shifted towards the valence 
or the conduction band. From this discussion, it is observed that the carrier 
concentration in intrinsic semiconductors is highly dependent on the temperature. 
This, is turn, is problematic for the application of these materials to devices as the 
flow of a current will induce heating that will increase the carrier concentration. If 
this concentration is high enough (~1015 cm-3), the leakage current during operation 
will be too high, disrupting the efficient functionality of the device. Therefore, it is 
necessary to control the carrier density of a semiconductor to ensure an efficient 
performance. This is achieved by a process known as doping48, which was briefly 
mentioned previously in the discussion of the point defects of a crystalline solid. 
Doping in semiconductor technology refers to the controlled introduction of 
impurities in the lattice of a semiconductor to modulate its optoelectronic 
properties49. This can be achieved during the growth of the semiconductor or in post-
growth processing by means of diffusion or ion implantation. The introduction of the 




impurities (dopants) aims to provide additional electrons or holes to the 
semiconductor, allowing the tunability of properties of the semiconductor such as its 
conductivity or response to light.  
 To exemplify doping, the case of silicon is discussed here. Silicon is an element 
that has four valence electrons. When a dopant is introduced into silicon, it will 
substitute for one of the silicon atoms. In order to obtain a significant change in the 
semiconducting properties of silicon, the electronic structure of the dopant must be 
different to that of the silicon, meaning that the number of valence electrons cannot 
equal four. Therefore, the most common doping agents used with silicon are 
elements from Group V and Group III of the periodic table. Using a Group V element 
(N, P, As or Sb) as a dopant will induce an excess of electrons into the electronic 
structure, as these elements have five valence electrons. Therefore, doping with 
Group V elements is known as donor doping50, as additional electrons are provided 
to the electronic structure of the semiconductor, turning silicon into an n-type 
semiconductor. In contrast, Group III elements (B, Al, Ga or In) have three valence 
electrons. As such, the introduction of one of these elements as a dopant will induce 
a deficit of electrons, i.e. an excess of holes. Thus, Group III dopants are known as 
acceptors51 and their introduction leads to silicon becoming a p-type semiconductor. 
From a band structure point of view, these doping agents introduce new energy 
levels in the bandgap, in close proximity to the valence and conduction bands, that 
directly affect the dynamics of the charge carriers in the semiconductor. Figure 2.8a,b 
shows a schematic of the atomic and band structure of silicon doped with Group V 
and Group III elements, respectively. The excess charge carriers (electrons or holes) 
introduced by the doping (n-type or p-type) are mobile within the structure of the 
semiconductor and, hence, the new energy levels appear in the bandgap. These 
levels are placed in proximity of the corresponding band, depending on the type of 
charge carrier: conduction band for electrons and valence band for holes.  
The “type of semiconductor” has now been briefly introduced and it refers to 
the majority type of carrier, i.e. the type of charge carrier that has a higher 
concentration in the semiconductor compared to its intrinsic form. In this sense, n-
type semiconductors have electrons as the majority charge carriers, while p-type 




Figure 2.8. Schematic of the atomic and band structure of silicon doped with a) Group V and b) Group 
III elements. The excess electrons and holes are mobile charge carriers introduced in the 
semiconductor structure as a result of the doping with an element that has a different number of 
valence electrons compared to silicon, inducing the presence of new energy levels in the band 
structure.  
semiconductors have holes as the majority carrier. Doping can also be utilized in 
semiconductors that have an intrinsic n or p-type character to modulate their 
optoelectronic properties. This is of interest from a technological point of view as it 
can help tune the optical character of a semiconductor, its semiconducting 
properties or can confer it with properties otherwise unattainable such as chemical 
sensitivity or photoresponsivity. As ZnO is the focal point of this thesis, doping of ZnO 
and its influence on the optoelectronic properties of the material for functional 
applications will be thoroughly discussed, with a theoretical introduction provided in 
Chapter 3 and the results obtained from a doping study shown in Chapter 6.  
2.2.5 Excitation of charge carriers 
So far, the description of the charge carriers in a semiconductor has been made 
considering the equilibrium state. However, most processes in which semiconductors 
are used involve some form of excitation. The most basic type of excitation is thermal 
excitation. In this sense, the influence of shifting from 0 K to a finite positive 
temperature was described. This is the simplest form of excitation. Other possibilities 




are electric or light-based (photonic) excitations. Independently of the source of the 
excitation, its effect is the same: the extraction of an electron from the valence band. 
Since the aim of this thesis is to demonstrate the functional application of ZnO-based 
nanostructures on photoelectrochemical water splitting, the discussion of the 
excitation of charge carriers and its consequences will be based around photonic 
excitations, i.e. excitation from a light source.  
 Photonic excitation takes place when a photon reaches the semiconductor and 
excites an electron. The excitation will directly depend on the energy of the incoming 
photon, which is dependent on the wavelength of the photon. Therefore, the energy 




= ℎ𝜈 [Eq. 2.24] 
with h being Planck’s constant, c the speed of light in vacuum, λ the wavelength of 
the photon and ν the frequency of the photon. When the photon reaches an electron 
in the valence band, the energy of this photon is transferred to the electron, exciting 
it and removing it from the valence band. This removal leads to the creation of a hole, 
thus the photonic excitation is said to generate electron-hole pairs. This excitation 
process45 is schematically represented in Figure 2.9a. When a photon with energy Eph 
reaches an electron in the valence band with energy Ei, it will be excited to a final 
position with energy Ef, represented here in the conduction band. Thus, this 
interband transition can be represented through the conservation of energy as 
 𝐸𝑓 = 𝐸𝑖 + 𝐸𝑝ℎ = 𝐸𝑖 +
ℎ𝑐
𝜆
 [Eq. 2.25] 
As such, the final position of the excited electron will be dependent on the 
wavelength of the incoming photon. Moreover, for this transition to take place, the 
sum of the energies, Ef, has to be such that Ef>EG, i.e., the energy of the photon has 
to be enough to excite the electron from the valence to the conduction band. This is 
a critically important concept for any photonic-based application such as solar cells 
as it marks the possible range of functional application of a semiconducting material. 
In this sense, photoelectrochemical applications or solar cells should ideally work in 
the visible region of the electromagnetic spectrum, which implies a range of 
wavelengths between 380 nm (violet) and 750 nm (red). This wavelength range 




Figure 2.9. a) Schematic representation of the photonic excitation of an electron from the valence to 
the conduction band, dependent on the energy of the photon. b) Representation of the photonic 
excitation of an electron from semiconductors with a direct or indirect bandgap and the consequent 
necessity of a phonon for the latter case.  
corresponds to an energy band between 3.3 eV and 1.65 eV. Therefore, depending 
on the bandgap (EG) of the semiconductor, it should be able to absorb and utilize 
different portions of the visible electromagnetic spectrum. In this sense, lower 
bandgaps such as that of GaAs are typically more desirable as these allow the use of 
a broader region of the visible spectrum.  
 Another important feature of the photonic excitation of a semiconductor is the 
relationship between this excitation and the type of bandgap that the semiconductor 
in question has. Previously, it was discussed that semiconductors can have a direct 
or indirect bandgap, depending on the relative position of the top of the valence 
band and the bottom of the conduction band. These two cases are presented in 
Figure 2.9b. The case of a direct bandgap was detailed in Figure 2.8a, in which the 
energy of the photon is sufficient to excite an electron from the valence band to the 
conduction band. In the case of indirect bandgap semiconductors, the energy of the 
incoming photon is not enough to excite an electron to the conduction band, due to 
the displacement of the bottom of the conduction band with respect to the top of 
the valence band, as depicted in Figure 2.8b. Therefore, the presence of a phonon is 
required for the excitation of an electron from the valence to the conduction. 
Otherwise, the energy of the photon will not suffice to excite the electron to the 
conduction band.  
 Once an electron has been excited, the system will tend to return to its 
equilibrium state. This means that the photogenerated charge carriers will undergo 




a process known as recombination, with the system returning to a relaxed state once 
the excitation source is no longer present. This recombination process is of 
considerable importance in semiconductor technology. In general terms, the 
recombination process describes the relaxation of an electron in the conduction 
band by which it loses energy and re-occupies an available site in the valence band. 
There are two main types of recombination processes, i.e. radiative and non-
radiative. To understand and distinguish between the two, there is a parameter for 
the charge carriers that must be studied: the carrier lifetime. This parameter is a 
measure of the average time it takes for a minority charge carrier to recombine. In 
this sense, the carrier lifetime has two components, i.e. the radiative and non-
radiative lifetimes. Whichever is shorter will determine the most likely outcome of 











 [Eq. 2.26] 
where τ, τr, τnr are the average, radiative and non-radiative carrier lifetimes. 
Radiative recombination, or more specifically band-to-band radiative 
recombination, is a process by which an electron from the conduction band relaxes 
into the valence band. This process involves a form of spontaneous emission, 
typically a photon. Due to the difference between direct and indirect semiconductors 
explained previously, the radiative recombination of carriers is only meaningful in 
direct bandgap semiconductors as the requirement of a phonon for indirect materials 
makes it less significant45. Non-radiative recombination is a relaxation process akin 
to the radiative one, but involves a phonon instead of a photon, which heats the 
semiconductor. This is detrimental for photonics applications of semiconductors and, 
thus, is an undesired process. There are three main pathways for non-radiative 
recombination52 of charge carriers: 
• Trap-assisted recombination, which occurs when an electron is captured by a trap 
state in the bandgap. Trap states are interband states that form in a 
semiconductor due to the presence of a foreign atom (dopant) or defect. Their 
presence may be unintentional, as an impurity, or intentionally inserted in the 
semiconductor. Trap states capture electrons and, once filled, they cannot accept 
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any more charge carriers. It is possible that, in a secondary step, the electron will 
further relax to the valence band to occupy an empty state, finishing the 
recombination process. This trap assisted recombination is commonly known as 
Shockley-Read-Hall (SHR) recombination53. 
• Auger recombination is another relaxation process by which the energy released 
during the electron-hole recombination is transmitted to a tertiary charge carrier, 
exciting it to a higher energy level. This excitation is not enough to move the 
tertiary carrier to a new energy band and, hence, it will lose its excess energy by 
thermal vibration. 
• Surface recombination is a process similar to the trap-assisted recombination, 
but takes place at the surface of the semiconductor. This is possible due to the 
presence of surface defects, i.e. trap states, on the surface of the material due to 
defects in the crystalline structure. This type of recombination is of special 
interest in the ZnO field, as will be discussed in Chapter 3 and shown in Chapter 
6 in the transition metal doping of ZnO. 
For more information on non-radiative recombination of charge carriers in 
semiconductors, please refer to the work of Abakumov54. The concepts of 
photogeneration and recombination of charge carriers will be used throughout this 
thesis to understand the optoelectronic properties of ZnO, how these can be tuned 
and their influence on the functional performance of ZnO-based nanostructures.  
The aim of this section was to provide a summarized introduction to the most 
important concepts and ideas required for the understanding of the semiconductor 
technology and physics that will be further developed for the particular case of ZnO, 
which is the focus of this work. As noted at the beginning of the section, there are 
other works that develop a deeper insight into semiconductor technology, physics 
and applications and the reader is referred to those. From the discussion in this 
section, there are some key concepts that will be of particular interest for this work 
in the later chapters of this thesis, namely the crystalline and electronic structure of 
semiconductors, doping, point defects and the photogeneration and recombination 
of charge carriers. It should be noted that the main purpose of this section was to 
briefly present the notions of semiconductor physics using the most common 
semiconductor, i.e., silicon, before introducing ZnO NWs in Chapter 3. This is because 
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ZnO NW is more complex, but the main semiconductor investigated in this research. 
Using Si concepts such as electronic band structure, energy bandgap, impurity doping 
will help understand better the properties of ZnO NWs. For illustration, it helps 
understand better how the doping of ZnO is exploited to modify and control the 
energy bandgap of ZnO for various applications, including in photoanodes. 
2.3 Semiconductor morphologies 
In the previous section, the properties of a semiconductor were described at an 
atomic level, discussing the theoretical background that makes this type of material 
such an important piece of modern society. However, the design of semiconductor 
devices, from small circuits to computers or solar cells cannot be done at such a 
miniscule level. It is thus necessary to study and understand the different shapes that 
a semiconductor can take, i.e. the morphologies of a semiconductor. These 
morphologies will be discussed in this work in terms of their size, going from 
macroscale morphologies such as thin films or single crystal silicon to 
nanomorphologies of few nanometres in size, like quantum dots. Note that this 
section only consists of a brief description of different morphologies and their main 
applications. A more thorough discussion on this topic lies outside the scope of this 
work. 
 As discussed in the introductory chapter, silicon is the most important 
semiconductor element and has been the driving force of the current Information 
Era we live in. As a consequence, the first morphology to be discussed is silicon itself. 
Silicon is utilised in the semiconductor industry as a pure element (or doped to tune 
its properties) and, for this, there are three main allotropic morphologies used: 
amorphous silicon, monocrystalline silicon and polycrystalline silicon55. All three are 
formed of pure silicon and their only difference lies in the ordering of their crystalline 
structure, going from having no crystal structure (amorphous) to having a multi 
grains or single crystal structure. Each of these allotropes have different applications 
due to their properties: 
• Amorphous silicon has been mostly utilised in photovoltaic and display 
technologies. Its application in photovoltaics is due to its low-cost, although it 
exhibits a low efficiency compared to its crystalline allotropes. In display 
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technologies, amorphous silicon has been widely utilised as the active layer in 
thin-film transistor (TFT) liquid crystal displays (LCDs). More information on this 
morphology can be found on the detailed work of Street56. 
• Polycrystalline silicon is formed by small Si crystallites that have different 
crystalline orientations. This silicon allotrope is widely utilised in integrated 
circuits, mostly as a gate material in different transistor technologies57. However, 
its widest application is in photovoltaics, where polycrystalline silicon solar cells 
are and have been the most widespread solar technology in the world58. Although 
their efficiency is lower than monocrystalline silicon solar cells, their lower price 
and availability to be deposited onto a variety of substrates has made this 
morphology the most attractive for the photovoltaics industry55. 
• Monocrystalline silicon is the single crystal form of silicon. Its primary application 
is in the fabrication of integrated circuits and discrete components that are the 
base of the semiconductor device fabrication industry. The single crystal 
character of this morphology makes it the most expensive and most efficient 
allotrope of silicon. Hence, its use in photovoltaics is generally more limited to 
applications where the efficiency is prime over the cost. At the same time, being 
single crystal means that it is possible to build billions of transistor-based devices 
in a single chip as there will be no defects that can hinder the functionality of 
these devices. This has led the electronics industry to the development of a large 
single-crystal silicon processing facilities. 
The second most important morphology to be discussed is thin films. A thin film 
is a layer of material mainly characterized by its thickness. Thin films can be used as 
flat films of a material or as a conformal coating of a different morphology. 
Independently of this, the controlled deposition of thin films is fundamental for a 
wide variety of semiconductor applications. Advances in thin film technology have 
been necessary for the development of technological breakthroughs such as light-
emitting diodes59 (LEDs), magnetic storage60, 61, photovoltaics or coatings62 
(antireflective or hydrophobic coatings, for example). Depending on the application, 
the thickness of the thin film can vary, ranging from hundreds of micrometres in solar 
cells to few nanometres in magnetic storage. Semiconductor thin films can be 
deposited with virtually any semiconductor available, from the aforementioned 
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polycrystalline silicon in photovoltaics to GaAs or GaN in LEDs. More information of 
thin films can be found in the work of Frey63. Thin films and the allotropic 
morphologies of silicon represent the two largest semiconductor morphologies in the 
world and in the electronics industry. However, other semiconductor morphologies 
have been one of the focal points of researchers in the last two decades owing to the 
incredible potential that these morphologies display for new and improved 
applications and functionalities64-66: nanoscale morphologies (nanomorphology) or 
nanostructures. These morphologies are characterized by having at least one of their 
dimensions in the nanometre scale. Therefore, these morphologies are classified on 
this basis in this work as three-dimensional (3D), when all the dimensions are below 
100 nm, two-dimensional (2D) if one dimension is above 100 nm and one-
dimensional (1D) if two are above 100 nm. 
The first and possibly most extended example of a nanomorphology is the 
nanoparticle. Nanoparticles (NPs) are 3D nanomaterials that can take many different 
forms (stars, spheres, rods, fibres, cages) as long as their dimensions remain within 
the constraints mentioned previously. Due to their extremely small size, NPs are, in 
most cases, subjected to quantum effects that would otherwise not be significant in 
bulk materials67. As such, semiconducting NPs have gathered significant attention 
from researchers as the possibilities of these nanostructures seem limitless due to 
the possible exploitation of features such as quantum confinement68. These NPs can 
also be used as photosensitizers for other materials and morphologies, granting them 
a higher sensitivity towards light69. Semiconductor materials such as Si, TiO2, CdSe or 
Fe2O3 have been widely investigated as NPs70. A particular case of NPs is quantum 
dots (QDs), which are characterized for their extremely small size in the order of a 
few nanometres. The miniscule size of QDs means that, from a semiconductor point 
of view, their properties are in between a bulk semiconductor and the constituent 
atoms, to the point where they can have discrete electronic states that can be 
quantized. Furthermore, their optoelectronic properties are directly dependent on 
their size. This can be exploited, for example, to control the wavelength of an emitted 
photon from a semiconducting QD71, meaning that it is possible to control the colour 
of the light emitted from a QD. Due to these features, QDs have been widely studied 
in light emitting applications (LEDs, lasers), photovoltaics or as photodetectors.  
Chapter 2. Theoretical background and photoelectrochemistry of semiconductors  
34 
 
Two-dimensional nanomaterials can take a large variety of shapes such as 
nanoribbons, nanobelts, nanorods (NRs), nanowires (NWs) or nanotubes (NTs). Out 
of these, the last two are the most important and most studied of these 
nanomorphologies. NTs are elongated rod-like hollow nanostructures. Their 
diameter is in the nanometre scale, while their length is usually unconstrained. These 
tubes are typically cylindrical in shape and their inner diameter can vary. The most 
well-known type of nanotube are carbon nanotubes (CNTs), which consist of one or 
more cylindrical layers of hexagonally bonded carbon. One important feature of NTs 
(and of 2D nanomorphologies in general) is their aspect ratio, which is the 
relationship between their length and their diameter. Semiconducting NTs (except 
for CNTs) have not been the subject a research as widespread as other 2D 
counterparts have shown more promise.  
In contrast, semiconductor NWs (and to a lesser extent NRs), have been 
thoroughly studied due to their attractive properties and control over their growth. 
NWs and NRs are similar structures (rod-like prismatic nanostructures) that differ in 
one key facet: their aspect ratio. A NR is considered to have an aspect ratio below 10, 
while NWs have an unconstrained but larger aspect ratio. In both cases, the diameter 
of these nanostructures is expected to be in the nanometre or tens of nanometres 
range. Similarly to NPs, those NWs of a sufficiently small diameter will feature 
quantum confinement provided the short lateral charge transfer in these 
morphologies. Hence, the energy levels observed in NWs can differ from those 
observed for bulk materials. Semiconductors such as ZnO, Si, GaAs, InGaAs, Fe2O3, 
SnO2 or TiO2, to name a few, have been grown in NW or NR morphology for their 
functional application towards electronic devices such as transistors, solar cells, gas 
sensors, photodetectors or quantum computing.  
Regarding 1D nanomorphologies, there is a large variety of different shapes and 
structures that nanomaterials can adopt, from nanoflowers to nanorings or 
nanocages. These morphologies have only one dimension in the nanometre scale 
(the thickness of a nanoring, for example). These morphologies are characterized by 
being considerably more complex than NPs or NWs, making their integration in 
industry-scale applications remarkably complicated. Nonetheless, they have been 
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introduced in applications such as sensing72 or bio-immobilization73, albeit with less 
success than their 2D and 3D counterparts.  
 This brief mention of semiconductor morphologies has been provided as an 
overview of how vast and complex the field of semiconductor research has become. 
In this work, attention is directed towards ZnO nanowires as the semiconductor and 
morphology of choice. A thorough description of ZnO from a material science point 
of view, its properties, morphologies, applications, tunability and growth is provided 
in Chapter 3 as the backbone for the discussion of the results obtained in this work, 
which are shown in Chapters 5-8.  
2.4 Photoelectrochemical water splitting of semiconductors 
In Chapter 1, it was outlined how this thesis targets the study and development of 
new avenues to enhance the functional performance of ZnO NWs as photoanodes in 
the photoelectrochemical (PEC) water splitting. This process is based on 
photoelectrochemistry, the interaction between light and a semiconductor 
submerged in an aqueous bath. The working principle of this process is based on 
using a semiconductor that can absorb photons when under illumination (following 
the concepts described in the previous sections) in such a way that the energy coming 
from these photons will be transformed into chemical energy, which comes from the 
bonds between oxygen and hydrogen in the water molecules of the aqueous 
solution. Therefore, in this section, an introduction and theoretical background to 
the core concepts that govern photoelectrochemical water splitting will be provided, 
establishing its origins, the potential of this technique, its main shortcomings and the 
hurdles that research is trying to overcome. Following this, details of the principal 
metrics that determine the PEC performance of a semiconductor, especially with 
regards to the different efficiencies will be subsequently discussed. Finally, a 
summary on how these metrics were experimentally obtained in this work, including 
their constraints and requirements, will be presented. 
2.4.1 Theoretical background of photoelectrochemical water splitting 
In general terms, photoelectrochemistry is the part of physical chemistry that deals 
with interaction of light and electrochemical systems. Photoelectrochemical water 
splitting is a particular strand of photoelectrochemistry that investigates the 
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production of hydrogen from water and solar energy. This strand was initiated in 
1972 with the work of Fujishima and Honda20, in which they described the photolysis 
of water molecules using TiO2 photoanodes. Photolysis is the process by which a 
molecule is decomposed as result of its interaction with photons. Since this work was 
published, PEC water splitting has garnered large amounts of attention from 
researchers as it could potentially solve the one of the everlasting problems of 
modern society: finding an energy source that is reliable, renewable and that could 
cope with the increasing demands of energy. This was described in Chapter 1.  
 The working mechanism of photoelectrochemical water splitting is, in its basic 
form, rather simple. A semiconductor material (ZnO in this work, acting as 
photoanode) is introduced in an aqueous solution (denominated from now on as 
electrolyte) and it is exposed to light. This light can come from a solar simulator if it 
is a laboratory scale experiment or, in the ideal and real case, the light source would 
be the sun. The semiconducting photoanode will absorb photons from the light 
source with sufficient energy to overcome its bandgap (as explained in the previous 
section) that will consequently generate electron-hole pairs. These are then 
transferred to the photoanode-electrolyte interface, where the charge carriers will 
initiate a redox reaction with water, resulting in the oxidation of water to yield 
oxygen and hydrogen gas. Although this process may seem straightforward, there 
are a multitude of parameters and considerations to successfully achieve a PEC water 
splitting process that is both efficient and durable at the same time. The discussion 
in this section regarding PEC water splitting is provided at a basic level and centered 
around an n-type semiconductor photoanode to accurately represent ZnO in a PEC 
water splitting system. This describes the most important topics as well as those of 
concern to the results developed in the later chapters of this thesis. For more 
information, please refer to the work of Memming45 for general concepts of 
electrochemistry and the works of Walter22 and Chen74 for photoelectrochemistry. 
 Before delving in the details of the water splitting process and all the 
considerations it entails, it is necessary to describe where the water splitting reaction 
is carried out. No matter if the process is studied at laboratory scale or at larger, 
industrial scale, the water splitting process takes places in a photoelectrochemical 
cell. A schematic of this cell is presented in Figure 2.10. This figure is the cornerstone  




Figure 2.10. Schematic band structure and working mechanism of a photoelectrochemical cell based 
on an n-type semiconductor photoanode, illustrating the photogeneration of electron-hole pairs, the 
transport of this charge carriers, the energies required for the water splitting process to take place 
and the main water splitting reactions. 
of this section as the most important features of the water splitting process will be 
explained from it. The basic parts of the cell are the two electrodes and the aqueous 
electrolyte. For the particular case of n-type semiconductor PEC cells, the 
photoanode is a semiconductor (ZnO in this thesis) while the cathode (also referred 
to as counter electrode) will be made of a well-studied and stable material (platinum 
here) that ensures that any effect observed during the PEC study can be directly 
attributed to the photoanode, which is the electrode of interest. In between the two 
there is an aqueous electrolyte. In an ideal case, this electrolyte would be normal, 
unaltered water. However, in the work carried out in this thesis, the electrolyte was 
an aqueous solution of KOH, used to set the pH of the solution to a value of 13 to 
ensure a better charge transfer in the electrolyte. The final structural part of the cell 
is the substrate on which the photoanode is deposited. This substrate has to fulfil 
two conditions: to be transparent and to have high conductivity to efficiently transfer 
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electrons. Thus, indium-tin oxide films on glass (ITO/glass or ITO for simplicity) 
substrates were selected. As stated earlier, the key component of this PEC cell is the 
semiconducting photoanode and, as such, it will be the focal point in the discussion.  
 Under illumination (marked in Figure 2.10 by Eph), the semiconducting 
photoanode generates electron-hole pairs. The position of the valence and 
conduction bands are represented by Ev and Ec, respectively. The charge-carriers are 
generated and separated with an efficiency labelled as 𝜂𝑒−/ℎ+. This will be discussed 
in more detail in a later part of this section. Once separated, the charge carriers are 
required for two different parts of the water splitting process and, for this, they are 
transferred to the electrolyte (holes) and to the counter electrode (electrons) with a 
transfer efficiency, 𝜂𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟, associated to them.  
For the PEC setup discussed here, holes play the most important part as they 
are the ones that initiate the water splitting process. Moreover, as this cell is based 
on an n-type semiconductor, holes will also be the minority charge carriers, meaning 
that the better the charge separation process is, the higher the number of available 
holes will be, boosting the PEC performance of the cell. This is particularly important 
as research has shown that the water splitting process typically involves two water 
molecules and, therefore, four holes75, 76, meaning that a high number of holes is 
required to obtain significant amounts of hydrogen. The water splitting process can 
be divided into two sub-reactions, namely the oxygen evolution reaction (OER) and 
the hydrogen evolution reaction (HER). The names of these two reactions are self-
explanatory in the sense that the OER governs the production of oxygen from water 
and the HER, the production of hydrogen from the H+ produced during the OER. Both 
sub-reactions are presented in Figure 2.10 next to the electrode in which they take 
place, i.e. the photoanode for the OER and the cathode for the HER. 
 Holes are the driving force of the OER as these supply the energy required to 
split the O-H bond of water and thus start the water splitting process. Once the water 
splitting process has been initiated and H+ produced in solution, these will migrate in 
the electrolyte towards the cathode, where they will react with the photogenerated 
electrons, thus forming hydrogen as a final product. Therefore, the efficient transfer 
of photogenerated electrons and holes from the respective electrodes to the 
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electrolyte is paramount for a competitive water splitting material, determined by 
the 𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 efficiency.  
Regarding the energy required for the water splitting process to be started, 
there is a base requirement of 1.23 V associated with the minimum thermodynamic 
work that the needs to be supplied to water to break the O-H bonds. This minimum 
thermodynamic work is represented in Figure 2.10 by ΔE0. However, this energy 
requirement is only for an ideal case and, in reality, the energy required for the water 
splitting process will be larger due to the presence of kinetic overpotentials, 
represented as OPOER and OPHER for the respective half-reactions74. A kinetic 
overpotential is the energy difference between the theoretical potential difference 
required and the real, which is obtained experimentally. These overpotentials are 
associated with the energy required to drive the kinetics of the OER and HER half-
reactions at the surface of the electrodes. Accounting for these additional energy 
requirements, the total driving force required for the water splitting process was 
represented as a photovoltage Vph, which is always lower that the bandgap of the 
semiconductor used as the photoanode, as a result of losses related to the 
recombination (mostly trapping) of charge carriers. In this sense, the photovoltage 
Vph can be understood as the potential difference between the quasi-Fermi levels of 
the holes (EF,p) and the electrons (EF,n). These quasi-Fermi levels represent the Fermi 
level for the corresponding charge carrier, once the carriers have been displaced 
from the equilibrium, i.e., once the semiconductor is excited by light. In more general 
terms, efficient and unassisted water splitting will take place when the quasi-Fermi 
levels of both carriers are such that the photovoltage required for the process is 
constrained within these two energy levels. 
 Providing this snapshot of the water splitting process, it is necessary to specify 
the most important technological factors to be considered in order to design an 
efficient, sustainable and unassisted photoelectrochemical water splitting system 
which could be considered as the ideal system: 
• Under illumination, the semiconductor must be able to generate enough energy 
to surmount the thermodynamic requirements and overpotentials characteristic 
of the water splitting process.  
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• The bandgap of the semiconductor has to straddle the redox potentials of the 
OER and HER reactions at the surfaces of the electrodes. In addition to this, the 
bandgap should be minimized in order to absorb photons from the largest 
possible portion of the electromagnetic visible spectrum.  
• Charge transfer at the surface of the electrodes should be facilitated to minimize 
the corresponding kinetic overpotential. This is especially true for the 
semiconductor photoanode as it is where the holes (minority charge carriers) are 
transferred to the electrolyte.  
• The PEC performance of the photoanode must be stable over long periods of 
time. For this, the semiconductor material selected has to be resistant to 
photocorrosion, the degradation of the surface of the photoanode due to the 
photogenerated charge carriers. This particular topic is discussed in more detail 
in Chapter 8.8. 
Finding a material that satisfies these basic requirements has been a very 
challenging task to which researchers have dedicated the last four decades as the 
potential of the water splitting process is considerably appealing22. An additional 
consideration should also be made to these requirements. The water splitting 
process should be as efficient as possible, meaning that as much of the solar energy 
received by the PEC cell should be utilised in the conversion of water into hydrogen. 
It is therefore necessary to describe these different efficiencies and other related 
metrics that are used to describe the PEC performance of a material. 
2.4.2 Descriptive metrics of the photoelectrochemical water splitting 
process 
The different efficiencies that characterize a photoelectrochemical system are the 
most important metric to describe its performance. However, and for comparative 
purposes in the quest to determine the best performing semiconductor, there are 
two concepts that need to be defined. The first one is the photocurrent of the PEC 
cell, defined as the current generated by the photoanode when it is exposed to a light 
source. In this sense, the photocurrent of an ideal PEC system will be the current 
generated under solar radiation. Typically, this photocurrent is provided as the 
current density normalized to the size of the photoanode measured, although the 
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physical property that is measured is the generated photocurrent. The second one is 
the applied bias or applied potential. In the previous section, considerations were 
made for an ideal water splitting cell that only uses photonic excitation to produce 
hydrogen. However, in most cases, a bias is applied to the PEC cell during operation 
and testing, which increases the current drawn from the device. However, this 
applied bias should never overcome the water hydrolysis potential (1.23 V) or, 
otherwise, the production of hydrogen would shift to a hybrid between 
photoelectrolysis and conventional electrolysis, meaning that it would not be 
possible to attribute how much each of the two processes is contributing to the water 
splitting process. These two metrics will be used throughout the discussion of the 
most common efficiencies that help describe the performance of a PEC system. 
 The most important efficiency (and metric) of a PEC system is the solar-to-
hydrogen (STH) efficiency. The STH efficiency measures the overall effectiveness of 
the PEC system in transforming solar energy into hydrogen. As such, it is a direct 
measure of how good the functional performance of a semiconductor in water 
splitting is. In its most pure form, the STH efficiency is measured at zero-bias, 
meaning that there is no bias applied to the system, and the amount of hydrogen 
generated is directly measured as a rate of mmol over time. Thus, the formal 
definition of the STH efficiency is the ratio between the chemical energy of the 
hydrogen produced and the amount of solar energy that reaches the system. 
Following this definition, there are two necessary remarks. First, the chemical energy 
of the hydrogen produced is defined as the hydrogen generation ratio multiplied by 
the change in Gibbs free energy for hydrogen, which has a value of Δ𝐺𝐻2
0 = 237 
kJ/mol at 298 K. Second, for PEC experiments in which an artificial light source was 
used instead of direct solar radiation, a standard common reference for the light 
intensity was developed to streamline the research efforts in solar-based research. 
As such, the American Society for Testing and Materials G-173 standard was 
formulated77. This standard is based on a concept known as the air mass coefficient, 
which defines the direct optical length of a path going through the Earth’s 
atmosphere divided by the path length vertically upwards. This means that the air 
mass coefficient determines the length that light travels before reaching the Earth’s 
surface as a ratio over the atmospheric length, i.e. at the zenith. Based on the latitude 
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at which most people in the world live, which is at mid-latitudes, it was decided in 
the G-173 standard to use a solar zenith of 48.2°, which equates to approximately 1.5 
times the thickness of the atmosphere. As such, and from now on, all the artificial 
illumination considered will be denominated as AM 1.5 G based on the 1.5 air mass 
ratio determined by the G-173 standard of the ASTM. After detailing these two 








 [Eq. 2.27] 
where H2, prod is the production rate of hydrogen in mol s-1, Δ𝐺𝐻2
0 is the Gibbs free 
energy of hydrogen, Ptotal is the power density of the illumination used in W/cm2 and 
A is the area of the photoanode. This representation of the STH is its more formal 
definition, but it depends on the direct measurement of the amount of hydrogen 
produced (by gas chromatography, for example), which can be costly. As such, the 
STH can also be defined from a photoelectrochemical point of view as 
 
𝑆𝑇𝐻 = [




 [Eq. 2.28] 
where jSC is the photocurrent normalized to the area of the photoanode, hence a 
current density, typically given in mA cm-2, and measured in short circuit conditions, 
1.23 V is the potential of the photolysis of water and ηF is the Faradaic efficiency for 
the HER. The Faradaic efficiency is a measure of how efficiently the electrons 
transferred to the electrolyte take part in the hydrogen production, instead of being 
utilised in other parasitic reactions, such as the formation of hydrogen peroxide. The 
Faradaic efficiency can be obtained as the ratio of the total amount of hydrogen 
produced and the theoretical amount that would be produced in an ideal system. 
The description of the STH provided in Eq. 2.27 and Eq. 2.28 is only valid for systems 
where the stoichiometry between hydrogen and oxygen production is maintained. 
Although this is a difficult condition to perfectly ensure, it means that there are some 
constraints on the experimental method followed. One of the most important 
consequences of this consideration is the fact that the aqueous electrolyte used 
cannot contain any type of sacrificial molecules such as hole or electron scavengers. 
In these cases, the STH cannot be measured as the true production rate of hydrogen 
is unknown due to the accelerants that are introduced. In addition, a measurement 
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cannot be considered correct if the two electrodes of the cell are in separate 
compartments with different electrolytes (either different pH or one of the two 
compartments has a carrier scavenger). 
 Prior to the definition of the STH, it was discussed how, in most cases, a bias is 
applied to the water splitting cell to boost its performance. As such, measurements 
carried out with this condition do not fit in the STH definition as the 1.23 V from the 
photolysis of water is no longer true. Thus, a new concept known as applied bias 
photon-to-current efficiency78 (ABPE) needs to be introduced to account for this 
applied potential. As stated earlier, only applied potentials lower than the 
thermodynamic potential required for the photolysis of water can be considered. 
Taking this into account, the ABPE is defined as 
 
𝐴𝐵𝑃𝐸 = [




 [Eq. 2.29] 
where jph is the photocurrent density and Vbias is the applied potential during the 
measurement, in V. In this case, the applied bias must be based on a standardised 
known quantity. For this, a reference electrode is introduced in the PEC cell when an 
applied bias is required. As this is the case for the work presented in this thesis, the 
next section will discuss the details on this reference electrode and the experimental 
setup used. Similarly to the STH case, this efficiency can only be correct if the two 
electrodes are submerged in the same electrolyte (even if they are 
compartmentalized) and no charge carrier scavenger79 is included.  
 The final efficiency to be defined is perhaps the most utilized of those defined 
here, the incident photon-to-current efficiency (IPCE). This efficiency is a measure of 
the ratio between photocurrent generated and the photon flux as a function of the 
wavelength of the photons utilised. The IPCE takes into account the three efficiencies 
defined in Figure 2.10 as it considers the amount of charges generated per incident 
photon (𝜂𝑒−/ℎ+) and the efficiency of the charge transfer to the electrode-electrolyte 
interface (𝜂𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟) and in the interface of the electrode (𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒). Therefore, the 
theoretical definition of the IPCE74 is 
 𝐼𝑃𝐶𝐸 = 𝜂𝑒−/ℎ+ · 𝜂𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 · 𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 [Eq. 2.30] 
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where the IPCE is presented as the product of the three aforementioned efficiencies. 
Similar to the STH, this is a formalism that is complicated to measure in a PEC cell. As 
such, a different definition of this efficiency in photoelectrochemical terms is 
required. With this in mind, the IPCE can be defined as a function of the photocurrent 





 [Eq. 2.31] 
where jph is the measured photocurrent normalized to the area of the photoanode, 
1240 is a constant obtained from multiplying Planck’s constant and the speed of light, 
Pmono is the power density of the monochromatic light at each of the measured 
wavelengths and λ is the wavelength of the incident illumination. More information 
on the experimental considerations of the IPCE measurement and what it entails for 
Pmono is provided in the next section. The IPCE can be measured in a cell in which an 
external bias is applied, as long as this is stated, as the presence of this bias will 
modify the IPCE compared to the short circuit one. The IPCE is a very useful tool for 
the design of a PEC system as it allows the spectral analysis of a semiconductor. This 
means that, from an IPCE measurement, it is possible to determine the range of 
wavelengths that will provide the highest efficiency, which can be important in the 
design of multi-material PEC cells in which materials with different bandgaps can be 
utilised to maximize the absorption of light. 
 The metrics described in this section form the basis of any PEC analysis, 
although there are several others that could be considered. Nonetheless, these 
metrics provide a sufficient background to help understand the theoretical 
considerations that were discussed previously.  
2.4.3 Experimental considerations of a photoelectrochemical cell 
In the previous sections, the theoretical background of photoelectrochemical water 
splitting and its requirements were detailed, along with most significant metrics that 
govern the behaviour of this process and serve as comparative tools to assess the 
functional performance of a semiconductor. However, the experimental conditions 
under which the PEC is carried out also play an important role in the results obtained 
from these measurements. In this work, a three-electrode PEC cell was utilised, with 
basic water (pH 13) as the electrolyte used to enhance the change transfer within the 
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electrolyte, which improved the kinetics of the water splitting process. A schematic 
of this cell is presented in Figure 2.11. The exact experimental details of the potential 
and spectral ranges utilised in this work are described in Chapter 4.11, along with the 
same schematic here presented. The PEC used in this work consisted of three 
electrodes and a nitrogen gas inlet used to degasify the electrolyte during working 
conditions, in order to ensure that all the experiments were carried out under the 
same conditions. The electrolyte used, as previously stated, was a KOH aqueous 
solution with the pH fixed at 13.  
In the previous section, while describing the ABPE, it was mentioned that, in 
the case where a PEC experiment was to be carried out under an applied potential, a 
reference electrode is necessary. This reference electrode (RE), along with the 
photoanode or working electrode (WE) and the platinum counter electrode (CE) 
forms the three-electrode setup of the PEC cell. A reference electrode is a PEC 
electrode that has a stable and known potential. The RE is therefore the standard to 
which the applied bias in the cell is referred. In this work, the reference electrode 
was a Hg/HgO electrode. The stability of the RE is ensured by encapsulating it in a 
salt bridge, which is typically formed by a porous membrane. The salt bridge is a 
device consisting typically of said membrane filled with water and with the reference 
electrode inside. The mission of the salt bridge is to ensure that the reference 
 
Figure 2.11. Schematic of the photoelectrochemical cell used to measure the water splitting 
performance of the different ZnO nanowire-based photoanodes developed in this thesis. The cell used 
consisted of a three-electrode setup along with a nitrogen inlet for the degasification of the 
electrolyte.  
Chapter 2. Theoretical background and photoelectrochemistry of semiconductors  
46 
 
electrode is protected from any drastic transfer of charges of species that could 
significantly deplete it. In this way, the RE with its salt bridge represents a durable 
standard that ensures the consistency of the measurements. Although the presence 
of the salt bridge ensures the durability of the RE, there is an experimental 
consideration of importance to be considered when carrying out any measurement 
with such a RE. As the membrane of the salt bridge is filled with water, there is a 
possibility that, when the RE is put in the electrolyte, a liquid junction potential is 
formed. A liquid junction potential occurs when two electrolytes of different 
concentrations or nature are put in contact. In this case, the pH 13 electrolyte is put 
in contact with the water from the salt bridge. As a result, a diffusion of ions from 
the electrolyte with a higher concentration will take place, creating a charge dipole 
between the two electrolytes. This charge dipole will induce a potential difference in 
this liquid junction that can be measured. As such, before any measurement is carried 
out, it is essential to ensure that the two electrolytes are in equilibrium as the liquid 
junction potential can be detected, which would provide a result that does not match 
the reality. This issue is discussed in Chapter 8.3.  
One final consideration regarding the RE is related with the way the 
photogenerated currents are reported. There is a wide variety of reference 
electrodes and, hence, obtaining comparative values of the photogenerated currents 
in a PEC study can be problematic. To solve this issue, all the photocurrent values 
obtained should be referred to the reversible hydrogen electrode (RHE), which was 
set as the standard for any PEC analysis. This is achieved by transforming the applied 
potentials (referenced to the RE used in the measurement) to the RHE by means of 
the Nernst equation. This equation relates the reduction potential of an 
electrochemical reaction to the standard electrode potential. Therefore, it is possible 
to convert the applied bias referenced to the RE, as if it were referred to the RHE 
using following the expression 
 𝐸𝑅𝐻𝐸 = 𝑉𝑏𝑖𝑎𝑠 + 𝐸𝑅𝐸
0 + 0.059 ∗ 𝑝𝐻 [Eq. 2.32] 
where 𝐸𝑅𝐻𝐸 is the resulting applied bias referenced to the RHE, Vbias is the applied 
potential, 𝐸𝑅𝐸
0  is the potential of the RE with respect to the standard electrode 
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potential, 0.059 is a constant in the Nernst equation at standard temperature and pH 
is the pH of the electrolyte of the cell. 
In a typical PEC experiment using a three-electrode setup and an applied bias, 
the desired potential difference is applied between the WE and the CE. At the same 
time, the potential difference between the WE and the RE is measured. In this way, 
the potential difference between the WE and the CE is regulated, so that the 
potential difference between the WE and the RE is equal to the one specified in the 
software associated with the measurement. These represent the input signals. This 
applied potential, along with the illumination, will generate a current in the WE (the 
output), which is measured and sent to the measuring computer. Depending on the 
type of measurement carried out, the conditions of this applied bias will vary. At any 
point during the PEC measurements, the light source will be directed at the 
semiconducting photoanode as this is the only part of the cell that is photosensitive.  
 Provided the considerations here described for the three-electrode cell, it is 
necessary to discuss the different PEC measurements that will be utilised in this 
thesis. The first of these analyses is the I-V curves, otherwise known as sweeping 
voltammetry. A voltammetry consists of an applied potential sweep in which the 
current is measured as a function of the applied potential. This analysis can be carried 
with or without illumination. Both are useful, as they provide information on the 
dynamics of the PEC process, as well as providing a key parameter that was 
mentioned during the discussion of the different efficiencies: the photocurrent 
generated (at an applied potential). In addition, this type of analysis can be done 
linearly or cyclically, meaning that the applied bias can either be swept from one 
value to another or it can continuously move from the starting to the final value. An 
example of cyclic sweeping voltammetry with and without illumination is presented 
in Figure 2.12. As it can be observed in this example, the photocurrent is reported as 
a current density, meaning that the photocurrent has been normalised to the area of 
the photoanode. In addition, the applied bias is referenced to the RHE (instead of 
being referred to the RE), to enable comparisons with other material systems. In this 
work, cyclic sweeping voltammetry was selected as the type of voltammetry used for 
the analysis of the PEC performance, with more details on the results from this 
analytical technique being shown in Chapter 8. 




Figure 2.12. Example of a cyclic sweeping voltammetry carried out with no illumination (labelled as 
dark, in black) and under illumination (labelled as light, in red).  
Another analysis of interest to understand the PEC performance of a 
semiconductor is amperometric analysis, or I-t curves. This type of analysis is carried 
out at a set applied bias, which in this work was set to 1.33 V vs RHE. The 
photocurrent is measured over time at this applied potential. This experiment is 
carried out under time-chopped illumination, meaning that every set amount of time 
(15 second approximately in this work), the illumination was switched from on to off 
or vice versa. In this way it is possible to study the dynamic response of the PEC 
system to light and the stability in short periods of time. An example of this type of 
analysis is provided in Figure 2.13a. The light chopping in this thesis was carried out 
manually as the monochromator did not incorporate an automatic chopper and, as 
a result, there is some variation on or off cycles. This was considered to have no 
significant effect on the information extracted from the amperometric curves. 
The final analysis that was carried out for all of the studied samples is the 
measurement of the IPCE. These were also carried out at 1.33 V vs RHE. As detailed 
in the previous section (Chapter 2.3.2), the IPCE is a reflection of the amount of 
photocurrent generated per photon flux on the photoanode as a function of the 
wavelength of the monochromatic illumination. It consists, therefore, of a 
wavelength sweep that, in this work, was from 300 nm (ultraviolet region) to 750 nm 
(red region). An example of an IPCE sweep is shown in Figure 2.13b. As the 
semiconductor selected in this work was ZnO, which has a large bandgap of 3.3 eV  




Figure 2.13. Example of an a) amperometric I-t curve with time chopped illumination and an b) IPCE 
measurement for ZnO.  
(around 375 nm), it was expected that no meaningful IPCE would be obtained below 
425 nm, hence the plot is cut from 450 nm to almost 750 nm. The IPCE measurements 
have a direct relationship with the bandgap of the semiconductor studied and any 
changes in this bandgap can be consequently observed in the IPCE measurement. 
In Chapter 2.3.1, it was mentioned that the stability of the photoanode was a 
key parameter to obtain a competitive PEC water splitting cell. Therefore, functional 
stability measurements are paramount to understand the longer performance of the 
semiconductor used as a photoanode. These measurements are based on the 
measurement of the photocurrent generated at an applied bias (1.33 vs RHE) over a 
long period of time (5000 seconds in this thesis). The results obtained from these  
measurements are shown in Chapter 8.8.  
The final PEC analyses carried out in this work were Mott-Schottky 
measurements. These measurements exploit the capacitance that forms at the 
interface between the photoanode and the electrolyte to measure certain properties 
of the semiconducting photoanode. To carry out this measurement, an alternate 
potential is applied to the PEC cell and the frequency of the alternate potential is 
varied. This gives rise to a plot in which the capacitance of the electrolyte-
photoanode interphase is represented against the applied alternate potential (see 
Figure 2.14). This way, a sequence of points at different applied potentials are 
obtained. Two crucial characteristics of the PEC can be extracted from this plot, i.e. 
the flatband potential and the carrier density. The flatband potential, represented by 
the intercept of the linear best fits, is a potential that allows the establishing of the  




Figure 2.14. Example of a Mott-Schottky plot, in which the data points include dashed lines that 
represent the best linear fits that are used to study the slope of this plots (and hence the charge carrier 
density, in a qualitative way) and the flatband potential, which is obtained by the intercept of these 
best linear fits with the zero capacitance line. The orange coloured axis corresponds only to the ZIF-8 
signal (orange coloured data). 
relative position of the conduction band of the semiconductor with respect to a 
reference of potential, which in this case is the RHE. The carrier density can be 
estimated from Mott-Schottky measurements by analysing the slopes of the best 
linear fits. In this sense, if two slopes are compared, the larger the slope is, the 
smaller the density of charge carriers will be for that photoanode. Mott-Schottky 
measurements are extremely important in the development and design of enhanced 
photoanodes as they can provide information about the electronic band structure 
and charge carrier concentrations in a comparative basis, allowing the study and 
selection of those materials that would fit best the PEC cell requirements set in 
Chapter 2.3.1. 
This section has provided a comprehensive yet basic snapshot of the 
background and most important considerations to be taken into account in the 
development and design of new and enhanced photoelectrochemical water splitting 
photoanodes. With this goal in mind, the later chapters detail into how the 
performance of ZnO, in this particular case, was improved by designing strategies to 
overcome some of the characteristic problems of ZnO. This improvement was 
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evidenced by the efficiencies and characterization metrics described in this section, 
which are utilised on a comparative basis to obtain the best performing photoanode 
material combination.  
2.4.4 State of the art in semiconducting photoanodes for water splitting 
As previously described, ZnO is the material used in this work to develop a PEC water 
splitting photoanode. Thus, it is necessary to contextualize the current state of the 
field with respect to the different commonly used semiconductor options available 
and the current performance of other ZnO-based systems. ZnO has been widely used 
as a semiconductor material to prepare water splitting photoanodes. Different 
approaches for the enhancement of ZnO, such as thin film doping80 or quantum dot 
sensitization of ZnO NWs81, have been explored in an effort to obtain the best 
possible photoanode performance. Other possible routes include the use of 
plasmonic nanoparticles in ZnO NWs82, the integration of ZnO NWs and carbon 
nanomaterials83 or careful engineering of the interface of ZnO84 to provide the best 
possible reaction platform upon which the water splitting process is initiated. These 
reports focus on enhancing different properties of ZnO photoanodes such as STH or 
IPCE efficiencies, the overall current density photogenerated, or the average lifetime 
of the devices. Not only these contributions clearly illustrate the current focus of the 
state-of-the-art, but they also showcase the wide range of possible parameters that 
may be adjusted to enhance performance in the field. 
It should be noted that there is a significant amount of literature regarding ZnO 
and photoelectrochemical water splitting, which cannot be covered exhaustively in 
this thesis. Therefore, the focus here is on some of the published data that are the 
most relevant developments to this thesis, which are summarised in Table 2.1. This 
allows the comparison of the performance of our findings with various results 
reported in the literature, which highlights the contextual significance of this 
research. Although the list is not exhaustive, the material systems shown in Table 2.1 
are considered the most representative to this work, including different ZnO 
morphologies and other semiconducting metal oxides85-90. They provide a realistic 
benchmark to contrast the results reported in this work against the state-of-the art 
in the field. Table 2.1 also clarifies the details of the electrolytes used for the 
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measurement since they may influence the performance of the photoanodes as 
discussed previously. All the applied potential values given are referenced to the 
reversible hydrogen electrode (RHE), apart from the N-doped ZnO NRs88, which is 
reference to a saturated calomel electrode (SCE) since this information is provided in 
the corresponding reference. The potential values presented in Table 2.1 are those 
at which the IPCE values were extracted. The comparison between the different 
material systems was carried out with respect to  the IPCE because this is considered 
the metric that would better reflect the performance of the photoanodes. Other 
possibilities, such as the photogenerated current density, were not compared since 
these are highly dependent on the nature of the material, which, in turn, makes 
comparisons between materials rather unreliable. 
Regarding the unfunctionalized semiconducting metal oxides highlighted in 
Table 2.1, it is clear that TiO2 NRs shows a much higher IPCE85 than any other base 
material. Hematite NWs86 (Fe2O3) yield a poor IPCE of 4%, four times lower than that 
of the ZnO NPs87 (16%). Nonetheless, an adequate engineering of the hematite by 
coupling it with titanium and a CoFe outer layer86 results in a vast improvement in 
the IPCE, increasing it by more than four times, thus resulting in a competitive 
photoanode in this regard. 
Focusing on ZnO, it is shown that thin films87 yield a poor performance in terms 
of IPCE. However, as soon as a third dimension is introduced in the material in form 
of NPs, this IPCE increases. Nitrogen doping of ZnO nanorods88 (NRs), another 
combinatorial nanotechnological approach, has been proven to increase this 
efficiency up to 25%, far above from the 16% obtained for the NPs87. Further, a core-
shell structure based on ZnO NRs with a Ni(OH)2 catalyst decoration89 proves to soar 
the IPCE to 40%. However, comparing these two results with those of the core-shell 
engineered NWs of this thesis90, it can be seen that the efficiency at 350 nm is five 
and two times higher, respectively, rising up to 75% at 350 nm. In terms of efficiency 
of ZnO material systems, this clearly underlines the importance of this work 
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Table 2.1. Comparison of the electrochemical conditions and performance of different 
semiconductors and morphologies with the work from this thesis. 
Material Electrolyte Applied potential vs RHE (V) IPCE 
TiO2 NRs85 Na2SO4 1.23 45% @ 380 nm 
Fe2O3 NWs86 NaNO3 + HNO3 1.23 4% @ 350 nm 
Fe2O3/Fe2TiO5/CoFe-PBA NWs86 NaNO3 + HNO3 1.23 17% @ 350 nm 
ZnO thin film87 NaClO4 1 10% @ 360 nm 
ZnO nanoparticles87 NaClO4 1 16% @ 350 nm 
N-doped ZnO NRs88 Na2SO4 1.1 vs SCE 25% @ 380 nm 
Ni(OH)2/ZIF-8/ZnO/Ni NRs89 KOH 1.23 40% @ 350 nm 
This work - ZnO:Co@ZIF-890 KOH 1.33 75% @ 350 nm 
 
Figure 2.15 provides a graphic representation of the IPCE values of the different 
material systems discussed, showing the large enhancement of the ZnO:Co@ZIF-8 
doped core-shell approach taken in this work. Similar materials systems, such as the 
one reported by Li89, show an IPCE almost half of the one reported in this thesis. 
Other ZnO-based material systems demonstrate a much poorer performance in 
terms of IPCE, which can be compared with some of the early results shown in 
Chapter 8.  
 
Figure 2.15. Graphical summary of the comparison of the performance of different semiconductor 
metal oxide water splitting photoanode material systems. The comparison is carried out in terms of 
their respective incident photon-to-current efficiency. 
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Moreover, different works envision the enhancement of different properties (those 
described previously in this chapter) of the ZnO-based photoanodes. Thus, the 
importance of the careful tuning of the properties of the ZnO NWs in their functional 
performance as water splitting is highlighted. This section has provided a snapshot 
of the current state of the art in photoelectrochemical water splitting. Further details 
on the field beyond the scope of this thesis can be found on the works of Walter22 
and Chen74. A more detailed description of the results and working mechanism of the 
photoanodes developed in this work is provided in Chapter 8.   
2.5 Summary 
In this chapter, the introductory background required to understand the 
developments and work presented in this thesis was detailed. For this, first, the 
concept of a semiconductor and its properties were introduced. This was followed 
by a description of the structure of crystalline inorganic solids and how any crystalline 
structure can be described. As a final point, the different point defects that can be 
appear in any crystalline structure during growth were briefly discussed, along with 
the repercussions that their presence has on the crystal lattice. Following the 
crystalline structure of inorganic solids, and using it as a basis, the electronic band  
structure of semiconductors was formally described. Starting with the Schrödinger 
equation and its application to a periodic crystalline lattice, the concept of allowed 
and forbidden bands was introduced and explained. Based on this concept, the idea 
of conduction and valence band, separated by a bandgap or forbidden band was 
discussed, along with the two different types of bandgaps that a semiconductor may 
present, direct or indirect. After defining the electronic band structure of a 
semiconductor, the concepts of density of states and charge carrier (electron and 
hole) were described, which resulted in the definition of what an intrinsic 
semiconductor and the Fermi level are. Finally, the doping of semiconductors was 
detailed as a route to modulate the optoelectronic properties of a semiconductor, 
giving rise to the concept of n and p-type semiconductors, depending on which the 
majority charge carrier is, electrons or holes. The introduction to the physics of 
semiconductors was finalised with the excitation (and more particularly, 




recombination process. These two concepts will represent one of the cores on which 
a large part of the results presented in this thesis are based.  
 After the semiconductor physics background, a brief discussion on some of the 
most common semiconductor morphologies was presented. The first and most 
important morphology discussed were the allotropes of silicon: amorphous, 
polycrystalline and monocrystalline silicon. Their importance has been crucial in the 
development of the semiconductor technology that has boosted civilization into the 
current era, as it was highlighted. This was followed by the description of thin films 
and their multiple applications. Finally, the most important semiconductor 
nanomorphologies were described and their applications outlined. This discussion 
was carried out in terms of the dimensions of these nanomorphologies (one, two or 
three dimensions) dependant on how many of these were in the nanometre scale 
(below 100 nm). Thus, morphologies including nanoparticles, nanowires, nanotubes 
and nanoflowers were discussed. 
 The final part of the chapter focused on photoelectrochemical applications 
and, more specifically, photoelectrochemical water splitting. First, a theoretical 
description of the core concepts and processes that govern photoelectrochemical 
water splitting was provided. This was followed by a discussion of on the most 
important considerations to be taken into account when designing and developing 
new and enhanced semiconductor photoanodes for water splitting. The description 
of photoelectrochemical water splitting was followed by a summary of the principal 
efficiencies used to quantify and compare the performance of water splitting systems 
and how these are calculated. In particular, the concepts of solar-to-hydrogen 
efficiency, applied bias photon-to-current efficiency and incident photon-to-current 
efficiency concepts were explored. The necessary experimental considerations 
needed to help understand the results discussed in Chapter 8 were provided, with 
the photoelectrochemical water splitting cell utilised in this work as the focus upon 
which the discussion was centered. The details of how the metrics used to describe 
the photoelectrochemical performance of the ZnO nanowire-based photoanodes are 
also provided. These metrics are sweeping cyclic voltammetry, amperometric I-t 
curves, incident photon-to-current efficiency, stability and Mott-Schottky 
measurements. Finally, a revision of the state of the art of photoelectrochemical 
Chapter 2. Theoretical background and photoelectrochemistry of semiconductors  
56 
 
water splitting was presented for comparison with results obtained in this thesis.  
This introductory chapter, along with Chapter 3 in which the properties and 
background for ZnO are provided, set the background and theoretical basis for all the 
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3.1 Zinc oxide introduction 
This chapter provides a general overview of ZnO from a material science point of 
view, discussing from its main physical properties to its applications, including the 
different growth and functionalization processes of ZnO. It begins with a description 
of the main properties of ZnO as a metal oxide and the many applications it has been 
used for throughout history. This is followed by a detailed account of the most 
important morphological, electronic and optical properties of ZnO, with a special 
focus on the properties relevant to the results and applications shown in the later 
chapters of the thesis. The, the different growth methodologies are discussed, with 
emphasis on chemical bath deposition (CBD) of ZnO nanomorphologies. These 
different morphologies are subsequently described, providing details of their main 
applications. In particular, nanowires (NWs) are described in more detail as this is the 
nanomorphology on which this work is focused. The CBD growth of ZnO NWs is then 
described in detail, especially with regards to why a seed layer is necessary and how 
the seed layer properties and the chemical growth conditions influence the 
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morphological properties of the NWs. This is followed by an account of the doping of 
ZnO NWs, how it can be achieved and why is it necessary, focusing on doping during 
CBD with metallic cations such as Co2+ or Cu2+. Finally, the surface functionalization 
of ZnO NWs by the addition of a shell, or decoration with either iridium or a metal-
organic framework is discussed, with an overview of their contribution towards 
improving the optical and electronic properties of the ZnO NWs for enhanced 
performance in photoelectrochemical applications. The ZnO basics detailed here are 
used to support the discussion of the growth and application results shown in 
Chapters 5, 6, 7 and 8.  
3.2 Overview of ZnO: properties and applications 
Zinc oxide is an inorganic metal oxide that in its usual state in nature is a white 
powder. It is insoluble in water. The global industry of ZnO is worth around USD 4.5 
billion, and its principal application in industry is in the vulcanization of rubber, with 
almost half of the world’s production being dedicated to this industry. Other 
applications include ceramics, paints (as pigment), agriculture, textile, cosmetics or 
pharmaceutical products (as a ultraviolet, UV, absorber)91. A detailed account of the 
industrial applications of ZnO can be found in the topical review of Kołodziejczak-
Radzimska92, which clearly indicates that the ZnO industry is a juggernaut with a 
critical role in important industries for our day-to-day lives. From a research point of 
view, ZnO has been implemented in a multitude of different devices, among which 
the most prominent are optical devices12 (lasers, photodetectors, light-emitting 
diodes, LEDs), solar cells93, gas sensors94, anti-bacterial applications95, energy 
harvesting96 and water treatment97 or water splitting98 cells. The vast array of ZnO 
applications is enabled by its outstanding properties and by having one the largest 
varieties of nanomorphologies available of any semiconductor. An overview of these 
is provided here, with an in-depth description being provided by Özgür10. 
• From a structural point of view, ZnO in the nano scale is an optically transparent 
material that has three crystal structures: hexagonal wurtzite, zinc blende and 
cubic rock salt, as depicted in Figure 3.1. Out of the three, hexagonal wurtzite is 
the most thermodynamically stable in ambient conditions, while the other two 
require epitaxial growth from substrates (zinc blende) and extreme pressure  




Figure 3.16. Schematic representation of the three crystal structures of ZnO. Only wurtzite is 
thermodynamically stable at room temperature. Blue spheres represent zinc while red spheres 
represent oxygen. 
conditions (rock salt) to be stable. For the wurtzite structure, the coordination is 
a sp3 tetrahedral structure in which a cation is surrounded by four anions and vice 
versa10, see Figure 3.1. This crystal structure has three lattice parameters, a, b 
and c, with values of a = b = 3.3 Å and c = 5.2 Å and is a non-centric symmetry (no 
inversion symmetry), which is the source of the piezoelectric and pyroelectric 
properties of ZnO. The conjugation of these properties of the wurtzite crystal 
structure make it the desired phase of any ZnO nanomorphology growth due to 
the many applications it enables. Due to its bonding structure, ZnO has bonding 
characteristics intermediate between ionic and covalent bonding.  
• Mechanically, ZnO is characterised by its low hardness99, ranking it as a soft 
material in hardness tests, due to its low Young modulus. It has a high heat 
capacity, thermal conductivity and stability, with a melting point above 1900°C. 
The elastic properties of ZnO are worse when compared with other III-V 
semiconductors100 such as GaN, as the elastic constants of ZnO are smaller than 
those of other III-V semiconductors.  
• From an electrical point of view, ZnO is a II-VI semiconducting metal oxide with a 
wide direct bandgap of 3.3 eV. This wide bandgap permits the use of ZnO in a 
variety of optical-based devices centered in the UV-blue region of the 
electromagnetic spectrum. ZnO also has a large exciton binding energy of 60 
meV, indicating that the excitonic emission of ZnO persists at room temperature, 
which is key for light emitting devices such as lasers. ZnO typically has 
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unintentional n-type doping attributed to native defects in its crystalline 
lattice101, namely oxygen vacancies (missing oxygen atoms at regular lattice 
positions) and zinc interstitials (additional Zn atoms that occupy interstitial 
positions in the lattice). These defects also form atomic or molecular adsorption 
centres, prompting the use of ZnO in chemoresistive gas sensors. This 
unintentional doping due to native defects makes achieving p-type doping of ZnO 
one of the longest standing challenges51, 102 in ZnO nanoengineering. This 
challenge has limited the number of available applications for ZnO in the 
semiconductor world. Nonetheless, n-type ZnO exhibits excellent electron 
mobility and strong luminescence, which combined with its abundance and ease 
of manufacturing make of ZnO one of the most researched semiconducting 
materials in the electronics industry. For a more detailed report on the 
semiconducting properties of ZnO and its applications, please refer to the work 
of Janotti103. The theoretical basis of the electronic concepts described here was 
provided in detail in Chapter 2.2.  
Although the wide bandgap and unintentional n-type doping enable the use of 
ZnO is wide variety of applications, it also hinders it applicability in other type of 
devices. In particular, the wide bandgap hinders its use in light absorption-based 
applications, while the defects that cause the n-type doping may greatly decrease 
the stability and lifetime of ZnO-based photoelectrochemical devices. These are the 
main shortcomings that have to be tackled to improve the overall performance of 
ZnO. Nonetheless, the properties described previously, along with its low-cost, non-
toxicity and ease of preparation, make of ZnO one of the most attractive 
semiconductors for large-scale production of devices. The most important 
characteristics of ZnO presented in this section form the basis for the upcoming 
discussion of ZnO growth, morphologies and the need for the material modifications 
implemented in this work to overcome the shortcomings described. 
3.3 ZnO growth and nanomorphologies 
Zinc oxide can be grown in a vast array of nanomorphologies using a wide range of 
techniques, from solution-based to vapour-liquid-solid (VLS) methods. Here, the use 
of these deposition techniques towards the growth of different ZnO 
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nanomorphologies is detailed. Depending on the desired morphology and 
application, different techniques will be optimal. In this regard, the chemical bath 
deposition (CBD) of ZnO nanostructures is the most attractive owing to its extreme 
process flexibility, low-cost, low-complexity and the excellent quality of the resulting 
material. As such, this technique will be the focus of this chapter. The main criteria 
used here to describe the different morphologies is their dimensionality. Taking this 
into account, ZnO nanowires (NWs) have become one of the most studied ZnO 
nanomorphology, along with nanoparticles. Thus, a more in detail account of the CBD 
growth of ZnO NWs and all the pertinent process considerations are provided in the 
Chapter 3.4.  
3.3.1 Gas phase ZnO growth methodologies 
A wide variety of techniques have been used throughout history to deposit ZnO with 
nano and macro scale dimensions. Most of these techniques are focused on the 
deposition of ZnO thin films, while others offer a larger variety of morphologies. For 
now, only the different techniques and their conditions will be detailed, with the 
morphologies being discussed in the following section. In general, a very simple 
classification of the ZnO deposition techniques can be made based on the working 
phase, i.e. gas or liquid phase growth. Gas phase techniques are mostly used for two-
dimensional (2D) materials (thin films) while liquid phase methods are typically used 
for the growth of any dimension (3D, 2D or 1D) nanomaterials. 
 Gas phase techniques for the deposition of ZnO have been utilised for decades 
to produce high quality materials with a high throughput. In general, gas phase 
techniques entail that the zinc precursor is in gas phase before deposition. An 
example of a gas phase technique is pulsed laser deposition (PLD), which is a type of 
physical vapour deposition (PVD). ZnO thin film deposition using PLD is based on the 
ablation of a ZnO target104 or a precursor such as dimethylzinc105 inside a vacuum 
chamber that contains an inert gas (argon or nitrogen) and a reactive background gas 
(oxygen or a gas phase oxide) that acts as an oxygen donor. For the ablation of the 
target, a high energy pulsed laser is used. The properties of the as-deposited films 
can be controlled by tuning the laser energy and wavelength, the pulse repetition 
rate, the number of pulses and the substrate temperature, among others. The 
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deposition of ZnO thin films with PLD provides highly directional films with a 
preferential (0 0 2) crystalline orientation characteristic of the wurtzite crystal phase. 
Sputtering is another technique commonly used for the deposition of ZnO thin films. 
In short, an inert gas plasma (usually argon) is generated in a vacuum chamber in 
which a ZnO target is placed. This plasma, when close to the surface of the target, 
will have enough ionization energy to extract atoms from the target106. Another 
possibility is using a Zn target while generating a plasma that includes oxygen107. 
Independent of the process, sputtering is a thin film deposition technique with a very 
high throughput that does not require heating of the substrate to yield high quality 
film with large-scale homogeneity. 
 A different type of PVD technique is molecular beam epitaxy (MBE). MBE is an 
ultrahigh vacuum technique that is based on the controlled evaporation of zinc and 
the formation of ZnO by its interaction with oxygen gas introduced in the chamber. 
MBE provides a method for controlled deposition of high quality epitaxial ZnO thin 
films108. MBE also provides an easy pathway for the doping of ZnO109, which is crucial 
for the implementation of ZnO in enhanced electronic devices. It has two main 
drawbacks, namely the requirement of expensive substrates for the epitaxial 
deposition of the material (typically sapphire) and the low deposition rate, which 
hinders the applicability of MBE-grown ZnO in industry. However, it still is a highly 
valuable research tool for studies on high quality epitaxial ZnO films. 
 Gas phase techniques based on chemical vapour deposition (CVD) have been 
thoroughly studied for the deposition of ZnO. A CVD process is based on exposing a 
substrate to a volatile precursor that either reacts or decomposes on the surface of 
the substrate, resulting in the deposition of the target material. CVD precursors are 
introduced in a deposition chamber using an inert carrier gas (nitrogen) in which the 
deposition substrate is kept at high temperatures (typically 450°C to 900°C 
depending on the process).  
The traditional CVD process can be modified in a variety of ways. For example, 
instead of using a ZnO precursor, metal-organic (MO) precursors like diethylzinc110 or 
zinc acetate111 can be used in a process known as MOCVD, where these precursors 
are introduced into the reactor chamber along with an oxygen source (water, for 
example). As these precursors reach the surface of the substrate at high 
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temperature, they react to form ZnO and the by-products are exhausted by the 
carrier gas flow. Another example is the use of an aerosol to introduce the ZnO 
precursors in the reactor chamber112. This way, a zinc-based solution along with an 
oxygen source are bubbled in the chamber, were they are deposited on the substrate 
and react to form ZnO. One of the biggest benefits of CVD is that it can be used to 
grow 2D morphologies such as NWs. This type of CVD process requires gold-catalysed 
growth, in which gold droplets are systematically placed on the substrate to act as 
seeds for the NWs growth. After the deposition of the gold catalytic structures on the 
surface, ZnO vapour is introduced in the deposition chamber while keeping the 
substrate at a high temperature (above 850°C). This ZnO interacts with the gold 
droplet seeds, forming zinc complexes that are the basis for the growth of ZnO 
NWs113. CVD is proven to be a very versatile tool that can deposit high quality thin 
films and highly ordered, high quality, single crystal ZnO NWs depending on how the 
CVD process is carried out. Figure 3.2 shows schematics of typical MBE and MOCVD 
deposition systems. 
Atomic layer deposition (ALD) is a particular type of CVD technique based on 
the sequential pulsing and purging of the zinc oxide precursors. This technique can 
be used for both thin films114 and 2D nanostructures115 growth. A thorough 
description of the use of ALD to deposit ZnO thin films, its mechanism, benefits and 
shortcomings is provided in Chapter 3.4.1. 
 
Figure 3.2. Schematic representation of a) molecular beam epitaxy and b) metal-organic chemical 
vapour deposition systems for the growth of ZnO nanostructures. 
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3.3.2 Liquid phase ZnO growth methodologies  
Liquid phase techniques are an attractive alternative to gas phase methods, 
particularly due to their scaling-up possibilities, while obtaining high quality 
crystalline ZnO. One of the best-known liquid phase techniques is sol-gel deposition. 
This technique is used for the deposition of thickness-controlled ZnO thin films. It is 
based on the preparation of a solution containing a zinc precursor that is then 
deposited on a substrate by techniques such as dip coating or spin coating. As this is 
one of the techniques used here to deposit ZnO seed layers for the ZnO NW growth, 
a more detailed description is provided in Chapter 3.3.4.  
One of the most widespread liquid phase techniques for the deposition of ZnO 
nanomaterials is the electrophoretic deposition (EPD) and, more specifically for ZnO, 
cathodic electrodeposition. EPD is a process commonly used in the industry in a wide 
range of applications, among which its use in the coating industry116 is the most 
important owing to the high throughput with which it can coat complex and large 
structures. This process is based on the migration of colloidal particles in an 
electrolyte due to an applied electric field, depositing them in the cathode. Typically, 
experiments are carried out in a three-electrode cell setup, similar to the one 
described in Chapter 2.4, in which the cathode is the target substrate on which the 
ZnO nanomaterial will be deposited. For cathodic electrodeposition to be successful, 
the colloidal particles that form the electrolyte have to create a stable suspension 
that is able to carry a charge under the influence of an electric field. In the case of 
ZnO, this is achieved by preparing aqueous electrolytes containing either zinc 
nitrate117 or zinc chloride118, both of which form stable suspensions in water that 
carry charge and can be deposited on the cathode. Cathodic electrodeposition is used 
to grown a variety of ZnO nanomorphologies, from thin films to NWs119 or 
nanotubes120. Moreover, this process can be applied to any substrate that is stable 
in the electrolyte and is conductive without the need of a seed layer, this opens the 
possibility of using a wider variety of substrates for the deposition of different ZnO 
nanomorphologies. Along with this range of possible substrates and morphologies, 
the ZnO nanomorphologies deposited all show a single crystal wurtzite phase, 
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demonstrating that cathodic electrodeposition is a high throughput growth 
technique for high quality ZnO. 
 Nonetheless, the most important and widespread liquid phase zinc oxide 
growth method is the solvothermal synthesis. Solvothermal growth involves any 
technique in which a substance is crystallized within a liquid solution (most 
commonly water for ZnO, hence hydrothermal synthesis from now on) at high 
temperature (anywhere between 70°C up to 300 °C) and high pressure. The growth 
solution contains the precursors required to grow the desired material. To achieve 
the high temperature and required high pressure, an autoclave, which is a Teflon-
lined stainless-steel pressure vessel (see Figure 3.3), is used.  
This way, as the growth solution is heated, the liquid will expand until it either 





 [Eq. 3.1] 
where VS is the volume occupied by the growth solution and VT the total volume of 
the autoclave, then the pressure inside the autoclave can be obtained by correlating 
the filling, temperature and density of the solvent. The pressure inside the autoclave 
is known as autogenous pressure as it is generated from the solution without the 
application of any external pressure. By controlling the temperature, filling, pressure 
and concentration of the precursors in the growth solution, a large degree of control 
 
Figure 3.3. Photograph of a Teflon lined stainless steel autoclave with its corresponding seals. Product 
of Toptionlab121. 
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is attainable for the growth of the desired material. More details on the growth 
mechanisms and theoretical background of hydrothermal growth are provided in the 
detail account provided by Byrappa and Yoshimura122.  
 Hydrothermal growth has been traditionally used as a high throughput, high 
quality and reproducible technique to grow bulk crystals of a vast variety of materials. 
The material obtained from this growth will either be a powder or large crystals. In 
the case of nanometric ZnO, hydrothermal growth has been used to grow a wide 
array of different nanomorphologies such as NWs123, hollow spheres124 or 
nanoparticles125. An example of these nanomorphologies is shown in Figure 3.4. 
In this work, the ZnO NWs were all grown on seeded substrates using a 
technique derived from hydrothermal growth, known as chemical bath deposition 
(CBD). CBD is a liquid phase technique based on immersing a substrate in the growth 
solution containing the precursors so the growth takes place on the substrate126. In 
contrast to hydrothermal growth, the equipment required for a CBD process is 
reduced to a solution container (a glass beaker, for example) and a substrate 
mounting device. This means that CBD does not need an autoclave as it operates at 
atmospheric pressure. Furthermore, CBD allows the controlled growth of 
nanomaterials and thin films strictly restricted onto a nucleated substrate, providing 
a better control for the implementation of these nanomaterials in functional devices. 
 
Figure 3.4. Zinc oxide hollow nanospheres grown through hydrothermal synthesis124. 
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A detailed description of the use of CBD to grow ZnO NWs, the growth mechanism, 
its conditions, applications, advantages and shortcomings are provided in Chapter 
3.3.5.  
3.3.3 Growth of ZnO nanomorphologies 
This section discusses the growth of different ZnO nanomorphologies. The 
characteristic used to sort these morphologies in this work is their dimensionality, 
defined as the number of dimensions that are below 100 nm length. In short, a 
morphology will be three-dimensional (3D) if all its dimensions are measured within 
the nanoscale. Likewise, 2D morphologies will have one dimension outside of the 
nanoscale with 1D morphologies having two dimensions above 100 nm127. An 
introduction to these morphologies was provided in Chapter 2. 
 ZnO nanoparticles (NPs) are the prime example of 3D ZnO. Other 3D 
morphologies include nanospheres and quantum dots (QDs), which are particular 
cases of NPs. NPs have been the most widely studied and implemented out the three 
discussed here, with a large variety of different applications. ZnO NPs are largely 
grown using liquid phase techniques, mainly hydrothermal synthesis and sol-gel 
processing128. The size of these NPs typically ranges from some nanometres to a few 
tens of nanometres. Owing to the size and the outstanding properties of ZnO, 
previously outlined (especially the non-toxicity), NPs have been used in a host of 
applications such as food packaging129, in textiles as UV absorbers130, solar cells131, 
anti-bacterial132 or biomedicine133. Figure 3.5 shows a typical TEM image of ZnO NPs, 
in which their 3D characteristic can be appreciated. For more information on ZnO 
NPs, please refer to the citations provided here in which reviews on the different 
growth methodologies and the specific properties for each application are provided 
in more detail. 
ZnO nanospheres can be considered a particular case of ZnO NPs in which the 
shape of the NP is spherical. These are typically produced by hydrothermal synthesis 
and have been applied to various applications such as photocatalytic134 and anti-
bacterial135 owing to their optical and chemical properties. ZnO QDs136 have also 
been studied, although not as thoroughly as NPs. Similarly to NPs, ZnO QDs are 
synthesized by a chemical liquid phase route, solvothermal synthesis and they have 




Figure 3.5. Typical TEM micrograph of ZnO nanoparticles130.  
been traditionally used as sensitizers by loading them on a matrix for gas137 and 
mercury138 sensing. However, QDs have also seen applications of their own such as 
in imaging of biomaterials139 or as antimicrobial agents136. 
 2D ZnO morphologies include structures like NWs, nanotubes (NTs) or 
nanobelts. This group corresponds to the most studied group in the last decades due 
to the outstanding properties that these morphologies have, opening up a vast array 
of applications. These 2D ZnO structures are characterized as being single crystal, 
easy to grow, having a high electron conductivity and being reproducible and 
tuneable in dimensions and optical and electronic properties. Owing to their small 
lateral dimensions, these morphologies have a lateral charge transfer that is shorter 
that the average lifetime of carriers, which has applications in sensing and 
photocatalysis140. Furthermore, these materials still absorb light in the characteristic 
range of ZnO within the electromagnetic spectrum while also having the large aspect 
ratio that characterizes them, which makes them attractive for UV-blue absorption, 
photodetectors and solar cells. Typically, ZnO NWs141 and NTs142 are solid or hollow 
hexagonal prisms, respectively, a shape that is characteristic of the hexagonal 
wurtzite crystal structure, while nanobelts143 are rectangular prisms of the same 
crystalline structure. Figure 3.6 shows the three different morphologies in works 
representative of the results observed in the literature.  
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 All three 2D structures are traditionally grown through solvothermal synthesis 
and, as detailed before, if they are grown on a substrate, in some cases it will be done 
by CBD, with a prior seed layer present as will be discussed in the next section. 
Independently of the growth method used, the characteristic single crystal wurtzite 
structure of these materials provides them with a morphological, optical and 
electronic structure that can be applied in a multitude of different fields, especially 
in the case of ZnO NWs. For example, ZnO NTs have been used as pH sensors144 while 
nanobelts have seen use as ethanol sensors145. ZnO NWs have been utilised for 
applications ranging from gas sensing to LEDs, water treatment or electrocatalysis. 
Some of these applications are detailed in the descriptive works of Cui146 and Zhou147.  
 One-dimensional ZnO nanostructures include morphologies such as tetrapods, 
nanodisks or nanoflowers, to name a few. The main common characteristic of these 
1D structures is that they are considerably larger than other nanomorphologies. In 
general, their applications are akin to those of the 3D and 2D structures, although 
their performance may be worse due to their increased lateral charge transfer 
distance. Nonetheless, these structures have been used in applications such as 
tetrapods in therapeutic applications148, 
 
Figure 3.6. Scanning electron micrographs of a) ZnO nanowires, as-grown in this work, b) ZnO 
nanotubes144 and c) ZnO nanobelts143. 
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nanodisks in photocatalysis149 or nanoflowers as biomedical scaffolding150, with 
microscopy images of the first two shown in Figure 3.7. 
3.4 ZnO seed layer deposition for nanowire growth 
The growth of ZnO NWs using CBD is the focus of this work. Before the CBD growth 
of the NWs, it is necessary to deposit a ZnO seed layer that will provide the nucleation 
centres that promote the growth of single crystal wurtzite ZnO NWs with controllable 
morphology and orientation. To deposit the seed layer, techniques that provide 
control over the structural and morphological characteristics of the ZnO seed layer 
are required. 
Thus, two different approaches were chosen for the deposition of ZnO seed 
layers for the CBD of ZnO NWs: atomic layer deposition (ALD) and sol-gel processing. 
ALD was used to study the influence of the seed layer properties on the NW growth 
while the sol-gel process was used for the preparation of devices on indium tin oxide 
(ITO) substrates for photocatalytic applications.  
3.4.1 Atomic layer deposition of the ZnO seed layers 
Atomic layer deposition is a CVD thin film deposition technique based on the 
sequential use of gas phase chemical reactants114. In a typical binary ALD process, an 
organometallic precursor and a co-reactant are sequentially introduced in the 
reaction chamber using an inert gas (N, Ar) as carrier. In between the sequential 
pulsing of the gas phase reactants, a purge time is allowed in which only the carrier 
gas is flowing in the chamber in order to remove any unreacted precursors and by- 
 
Figure 3.7. a) ZnO tetrapods grown for therapeutic applications148. b) ZnO nanodisks with enhances 
photocatalytic properties149. 
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products. Thus, an ALD cycle consists of the sequential pulse and purge of both 
reactants, as illustrated in Figure 3.8. Along with these pulse and purge times, which 
regulate the amount of reactants introduced in the reaction chamber, the deposition 
temperature and total number of cycles can be controlled, opening a space 
parameter of up to six degrees of tunability. In an ideal ALD process, the pulse and 
purge times will be such that after every pulse, only a monolayer of the reactant will 
be deposited on the substrate. As such, when the next reactant is introduced in the 
chamber, the chemical reaction with the layer deposited on the substrate will be self-
limiting, leading to the growth of an atomic layer of the target material. Depending 
on the target materials (metals, carbides, nitrides, metal oxides), the precursors and 
co-reactants used will be different. The most common materials deposited with ALD 
are metal oxides. For these, the precursor is an organometallic compound that reacts 
with an oxidant, typically water, to form the target material.  
For ZnO, the most commonly zinc precursor used is diethylzinc (DEZ), and the co-
reactant is water, that acts as an oxidant. Both precursors are separately introduced 
in a nitrogen or argon stream, which acts as both the inert gas utilised as carrier and 
purge. Using these precursors and with no dependence on the ALD parameters, the 
ideal reaction pathway for the controlled growth of ZnO seed layers from these 
precursors151 is shown in the following equations, 
‖ − 𝑂𝐻 + 𝑍𝑛(𝐶𝐻2𝐶𝐻3)2 → ‖ − 𝑂 − 𝑍𝑛(𝐶𝐻2𝐶𝐻3) + 𝐶𝐻3𝐶𝐻3 [Eq. 3.2] 
‖ − 𝑂𝐻 + 𝑍𝑛(𝐶𝐻2𝐶𝐻3)2 → ‖ − 𝑂 − 𝑍𝑛(𝐶𝐻2𝐶𝐻3) + 𝐶𝐻3𝐶𝐻3 [Eq. 3.3] 
‖ − 𝑂 − 𝑍𝑛(𝐶𝐻2𝐶𝐻3) + ‖ − 𝑂𝐻 → (‖ − 𝑂)2 − 𝑍𝑛 + 𝐶𝐻3𝐶𝐻3 [Eq. 3.4] 
where ǁ― X represents the top layer of the ZnO film and X is a compound bonded to 
it. Considering the top layer of a ZnO film during ALD deposition, the ZnO surface will 
have two different oxygen binding sites, a hydroxyl coming from the molecular water 
(ǁ―OH) and the other from dissociated water, with the former being more 
energetically favoured for binding. As such, when DEZ is pulsed under these 
conditions, the Zn atom in DEZ will bond to the hydroxyl bonding site of molecular 
water. Thus, one of the ethyl ligand groups of DEZ is removed by a simple ligand-
exchange reaction, which consists in the substitution of a ligand in the original 




Figure 3.8. Schematic of the sequential pulsing and purging of the precursors used for the ALD ZnO 
seed layer deposition, where DEZ is diethylzinc, the zinc precursor. 
molecule for another. In this case, the ethyl ligand that is removed is substituted by 
the hydroxyl group on the surface of the ZnO film. This process is represented in steps 
1 and 2 of Figure 3.4 and by Eq. 3.2, which shows the pulse of DEZ and the ligand-
exchange reaction that takes place, leaving monoethylzinc bonded to the surface of 
the film. Subsequently, water is pulsed in the chamber, which prompts another 
ligand-exchange reaction that dissociates the ethyl of the surface monoethylzinc, 
leaving once again a hydroxylated zinc surface, as at the beginning of the process. 
This is represented by steps 3 and 4 in Figure 3.4 and by Eq. 3.3. As an additional step 
(Eq. 3.4), a hydroxylated zinc (ǁ―ZnOH) can react with a bonded monoethylzinc, 
resulting in bonded zinc oxide to the surface of the film. This is a simple explanation 
of one possible growth model for the ALD deposition of ZnO. More information can 
be found in the thorough work of Weckman151.  
 One crucial consideration for the ALD process is the saturation of the 
precursors, which is controlled by the pulse time of each reactant. The saturation of 
the precursors is defined as the amount of ZnO precursors adsorbed on the existing 
surface of the substrate. In an ideal ALD process, only one atomic layer will grow per 
ALD cycle as detailed earlier, leading to an almost flat and conformal surface with no 
additional roughness. For this to be true and considering all the other process 
parameters as constant (temperature, base pressure, gas flow of the carrier gas), the 
pulse time has to be such that it ensures only a monolayer is formed onto the existing 
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surface of the substrate, saturating the surface with the precursors. If the pulse time 
is too short, an incomplete heterogeneous film will be deposited; likewise, if the 
pulse time is too long, more than one monolayer of DEZ will deposit, over-saturating 
the surface with precursors, which would shift the deposition regime from ideal ALD 
closer to a more general CVD process. This means that longer pulse times may not 
yield an ideal ALD deposition with atomic control of the thickness and roughness or 
their properties may not be suitable for a ZnO seed layer. Moreover, these pulse 
times may need to be different if they are for DEZ or water. Regarding the purge 
times, it is also important to fine tune them to obtain a ZnO seed layer with the 
desired characteristics. If the purge times are too long, it may lead to the desorption 
of the previously adsorbed or deposited materials, which would cause a 
heterogeneous growth; on the other hand, if they are too short, not all the by-
products and excess reagents will be exhausted, which may lead to an unwanted 
parasitic growth due to gas phase reactions and the possible deposition of by-
products or excess reactants on the existing surface. Thus, tuning the pulse and purge 
times is necessary to obtain a seed layer using an atomic layer deposition system 
according to the requirements of the NW growth.  
 The deposition temperature is the other major parameter that controls the 
quality and regime of the ALD ZnO seed layer. Hence, the concept of temperature 
window must be introduced. The ALD temperature window152 indicates the 
temperature range in which the deposition can be considered in ALD conditions as, 
at this temperature, the balance between the chemical reactivity and the desorption 
of the precursors will be ideal, leading to the self-limiting reactions that characterize 
the ALD process. Low temperatures may not be enough for the reagents to react 
while high temperatures can induce the desorption of the reactants. For ZnO, the 
ALD window is typically reported between 120°C and 250°C, depending on the 
system and other experimental conditions used114.  
The final ALD parameter to consider is the number of deposition cycles. The 
concept is simple, the higher the number of cycles, the larger the thickness of the 
seed layer will be. However, the number of cycles also has a direct influence on the 
structural properties of the surface of the seed layer, which is crucial for the 
controlled growth of the ZnO NWs. In this sense, the higher the number of cycles, the 
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rougher the surface will be, which can influence the NW growth. This effect typically 
occurs in regimes that are not ideal ALD depositions, although it can also occur in 
ideal ALD depositions for substrates that have small defects on their surface. The 
parameter space here discussed allows for sensitive control of the deposition process 
and, hence, control of the deposited films. This control was used in this work to 
explore the role of the seed layer in the NW growth, as it will be detailed in the 
discussion of the results shown in Chapter 5. 
3.4.2 Sol-gel deposition of the ZnO seed layer 
A sol-gel deposition process is based on the conversion of monomers into a colloidal 
solution that acts as the precursor for a gel of particles. Once the gel is formed, a 
thermal treatment is required to remove the remaining liquid from the solution and 
allow the densification and grain growth of the material153.  
For ZnO, sol-gel processing represents a collection of techniques among which 
dip coating, spin coating or drop casting are the most widespread to obtain thin films 
of ZnO with controllable properties. Independently of the deposition technique used, 
the sol-gel process can be divided in three steps, with a schematic presentation being 
shown in Figure 3.9: 
• Preparation of the precursor solution (sol), which involves the use of different 
zinc precursors, mainly zinc acetate dehydrate (ZnC₄H₆O₄) or zinc chloride 
anhydrous (ZnCl2), and solvents such as ethanol (C2H5OH) or 2-
methoxyethanol (C3H8O2) for the aforementioned precursors. ZnCl2 in C3H8O2 
was the combination used in this work. For more information on the different 
precursors, please refer to the work of Znaidi154.  
Deposition of the sol on the desired substrate using any of the previously 
listed techniques. After this deposition, the solution turns into a xerogel, 
which is a type of gel formed by drying with unhindered shrinkage. In this 
work, spin coating was the technique used. Spin coating consists of casting a 
certain amount of the precursor solution onto a substrate that is 
subsequently rotated at high speed to create a homogeneous layer of 
material by centrifugal force, in this case the ZnO xerogel.  
 




Figure 3.9. Schematic of the sol-gel deposition process of a ZnO seed layer using spin coating as 
the technique to deposit the sol on the substrate. 
• Thermal treatment of the xerogel on the substrate on a hot plate, in an oven 
or in a furnace. The xerogel forms ZnO by evaporating the solvent, which 
induces viscous sintering, compacting the ZnO to generate a continuous and 
homogeneous seed layer. Viscous sintering is the process by which a gel is 
densified by a viscous flow of grain-liquid mixture once the volume fraction 
of liquid is sufficiently high155. 
Sol-gel deposition of ZnO offers a wide variety of options to control the properties 
of the seed layers. Here, only one set of conditions was used due to external factors 
related to the ALD system.  
3.5 Chemical bath deposition of ZnO NWs 
Chemical bath deposition (CBD) is a liquid phase technique derived from 
hydrothermal synthesis, as explained in Chapter 3.3.2. The technique was used in this 
work owing to its high process flexibility, tunability and high-quality production of 
ZnO NWs.  
The CBD growth of ZnO NWs requires an underlying ZnO seed layer to promote 
the nucleation of the NWs, which increases the throughput and the quality of the as-
grown NWs, while offering control over the morphology and orientation of the NWs. 
In this work, as-grown refers to NWs grown on a substrate not subjected to any 
further treatment or modification. The CBD growth of NWs offers a high degree of 
tunability owing to a variety of process parameters that can be controlled, namely 
the precursors used and their concentration, the synthesis time and temperature or 
the pH of the growth solution.  
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3.5.1 Precursor selection and growth mechanism of the CBD growth of 
ZnO nanowires 
The CBD process consists of the preparation of an aqueous solution containing the 
Zn precursor and a reducing agent that supplies hydroxyl radicals to the growth 
solution. The general growth mechanism of the ZnO NWs, not considering the 
chemical precursors used, can be viewed in the following reactions, based on the 
works of Demianets156, 157. 
 𝑍𝑛2+ + 2𝑂𝐻− ⇄ 𝑍𝑛(𝑂𝐻)2 [Eq. 3.5] 
 𝑍𝑛(𝑂𝐻)2 + 2𝑂𝐻
− ⇄ [𝑍𝑛(𝑂𝐻)4]
2− [Eq. 3.6] 
 [𝑍𝑛(𝑂𝐻)4]
2− ⇄ 𝑍𝑛𝑂2
2− + 2𝐻2𝑂 [Eq. 3.7] 
 𝑍𝑛𝑂2
2− + 𝐻2𝑂 ⇄ 𝑍𝑛𝑂 + 2𝑂𝐻
− [Eq. 3.8] 
 𝑍𝑛𝑂 + 𝑂𝐻− ⇄ 𝑍𝑛𝑂𝑂𝐻− [Eq. 3.9] 
In short, the growth of ZnO NWs requires a Zn2+ precursor and a reducing agent. The 
reaction of these two ions in solution will produce zinc hydroxide and zinc hydroxide 
complexes. The hydroxide complexes will react with water to form ZnO and more 
hydroxide radicals that can then react again. Therefore, the two first factors to 
consider for the CBD growth of the ZnO NWs are the Zn2+ and OH- sources.  
Regarding the zinc precursor, the most frequently used precursors are zinc 
nitrate hexahydrate158 (Zn(NO3)2·6H2O), zinc acetate dihydrate159 and zinc 
chloride160, with zinc nitrate being the most commonly used of the three. Discussions 
in the literature regarding which of the three is best are inconclusive, as all three salts 
yield single crystal wurtzite phase ZnO NWs under similar growth conditions. In the 
work of Akgun161, a direct comparison of the three zinc salts previously listed is made 
while all the seed layer deposition and NW growth conditions were kept constant. 
This work showed that zinc acetate provides higher aspect ratio NWs, followed by 
zinc nitrate and finally zinc chloride. Works like those of Yu Lin160 and Abbasi162 also 
discuss the growth of ZnO NWs using the different zinc salts. Nonetheless, a 
conclusive overall picture cannot be extracted from these works, mainly due to the 
vast variety of process parameters of the CBD growth of ZnO NWs. Differences in the 
seed layer deposition, growth temperature, solution pH and even the vessel in which 
the growth is done will directly influence the NW growth, making it almost impossible 
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to establish a thorough comparison of the influences that the zinc salts can have on 
the NW growth. Furthermore, there are no reports in the literature that discuss the 
use of different zinc salts for a specific application. There is not a definitive answer 
to which zinc salt is best for the NW growth and the photoelectrochemical 
applications discussed in this work. In view of this, it was decided to use zinc nitrate 
hexahydrate as the zinc salt in this work owing to its widespread use.  
For the OH- source, there are different approaches to supply the required 
hydroxyl ions in the growth solution. The three main routes involve the use of 
different chemicals: a strong base such as NaOH or KOH, ammonia hydroxide or 
hexamethylenetetramine ((CH2)6N4), HMTA). Of these three, the first one was 
discarded due to the disadvantage of using a strong base, especially for possible 
future scale-up. In order to support the application of the ZnO NWs in 
photoelectrochemical applications and their possible scale-up, it was decided to, if 
possible, avoid the use of harmful solvents or chemical that could hinder the 
introduction of this technology in industry. Comprehensive discussions of the use of 
either ammonia hydroxide or HMTA, such as the work of Jung163, have shown the 
influences of both hydroxyl sources on the NW growth. In short, both hydroxyl 
sources can be used for the growth of NWs. However, their basicity is different, with 
that of ammonia hydroxide being higher, which will influence the NW growth due to 
the influence that the growth solution pH has on the growth of NWs, mainly due to 
the increased concentration of OH-. Furthermore, the work of Strano164 indicates that 
HMTA ensures better than other reducing agents that the single crystal wurtzite 
phase of the ZnO NWs will be obtained. Due to this, HMTA was used in this work.  
After detailing the Zn2+ and OH- precursors used in this work, the growth 
mechanism established in Equations 3.5 to 3.9 can be reformulated and specified to 
zinc nitrate and HMTA165 as follows, 
 𝑍𝑛(𝑁𝑂3)2 · 6𝐻2𝑂 → 𝑍𝑛
2+ + 2𝑁𝑂3
− + 6𝐻2𝑂 [Eq. 3.10] 
 (𝐶𝐻2)6𝑁4 + 6𝐻2𝑂 ⇄ 6𝐻𝐶𝐻𝑂 + 4𝑁𝐻3 [Eq. 3.11] 
 𝑁𝐻3 + 𝐻2𝑂 ⇄ 𝑁𝐻4
+ + 𝑂𝐻− [Eq. 3.12] 
 (𝐶𝐻2)6𝑁4 + 𝑍𝑛
2+ → [𝑍𝑛(𝐶𝐻2)6𝑁4]
2+ [Eq. 3.13] 
 [𝑍𝑛(𝐶𝐻2)6𝑁4]
2+ + 2𝑂𝐻− → 𝑍𝑛𝑂 + 𝐻2𝑂 + (𝐶𝐻2)6𝑁4 [Eq. 3.14] 
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 𝑍𝑛2+ + 4𝑁𝐻3 → [𝑍𝑛(𝑁𝐻3)4]
2+ [Eq. 3.15] 
 [𝑍𝑛(𝑁𝐻3)4]
2+ + 2𝑂𝐻− → 𝑍𝑛𝑂 + 𝐻2𝑂 + 4𝑁𝐻3 [Eq. 3.16] 
 𝑍𝑛2+ + 4𝑂𝐻− → [𝑍𝑛(𝑂𝐻)4]
2− [Eq. 3.17] 
 [𝑍𝑛(𝑂𝐻)4]
2− → 𝑍𝑛𝑂 + 𝐻2𝑂 + 2𝑂𝐻
− [Eq. 3.18] 
where the first two equations refer to the decomposition in water of zinc nitrate 
hexahydrate (Eq. 3.10) and HMTA (Eq. 3.11). The former provides the Zn2+ precursors 
that will form the ZnO NWs, while the latter decomposes into formaldehyde (HCHO) 
and ammonia (NH3). This ammonia is subsequently hydrolysed (Eq. 3.12) into 
ammonium (NH4+) and hydroxyl (OH-). From here on, there are three main reaction 
pathways for the formation of ZnO: 
• Zn2+ and HMTA can form a complex ion (Eq. 3.13) that is then hydroxylated 
(Eq. 3.14) into water, ZnO and HMTA. As a result, the original HMTA is 
recovered while producing ZnO. 
• Ammonia from HMTA forms a complex ion with Zn2+ (Eq. 3.15) that is 
subsequently hydroxylated into ZnO, water and ammonia (Eq. 3.16).  
• Zn2+ forms a complex hydroxide (Eq. 3.17) as previously shown, [Zn(OH)4 ]2-, 
that will then decompose into ZnO, water and hydroxyl. This hydroxide 
complex is the building block of the ZnO NW structure as detailed later on.  
As seen from this reaction mechanism, the critical step in the ZnO NW growth is 
the hydrolysis of ammonia into ammonium and hydroxyl ions in water solution under 
temperature. Thus, the role of HMTA in the growth of the NWs is key to fully 
understand the growth mechanism and how the concentration of HMTA will affect 
the growth. As the hydrolysis of HMTA is a reversible reaction, the release of OH- to 
the growth solution is controlled.  
3.5.2 Role of HMTA in the nanowire growth 
To assess the role of HMTA in the NW growth, first it is necessary to provide a brief 
structural description of the growth of ZnO NWs. There are two possible growth 
directions for as-grown NWs: the axial growth (c-axis) along the [0 0 1] direction and 
the lateral or radial growth. Promoting axial growth leads to NWs with a higher 
aspect ratio (ratio between length and diameter), while the lateral growth will form 
NWs closer to a unitary aspect ratio. As seen from the reactions of the growth 
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mechanism, the growth of ZnO NWs takes place through complex cations. At the 
same time, the top (0 0 0 1) plane of the ZnO NWs is formed by a [Zn(OH)4 ]2- complex, 
which has a high surface energy, indicating its readiness to react and stabilize into 
ZnO. Moreover, this hydroxide complex has a tetrahedral structure akin to that of 
the wurtzite ZnO, making it the ideal building block for the ZnO NWs. In addition, the 
side faces of the ZnO NWs are nonpolar, meaning that the positively charged 
complexes formed in the solution will preferentially react with the polar (0 0 0 1) 
plane.  
Figure 3.10 shows a schematic describing this growth mechanism. Here, it can 
be seen that the highly reactive tetrahedral [Zn(OH)4 ]2- complex directs the growth 
of the ZnO NWs along the [0 0 1] direction. This zinc complex is the one that grants 
the [0 0 1] growth direction of the ZnO NWs its reactive and polar characteristics.  
 
Figure 3.10. Schematic representation of the growth mechanism of ZnO nanowires, illustrating the 
polarity of the (0 0 0 1) plane and the non-polar lateral faces165. 
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Considering the growth reactions and mechanisms, HMTA has two main roles in the 
ZnO NW growth. First, it acts as a pH modulator, supplying the required OH- ions in 
solution that drive the growth in a controlled manner, similarly to a pH buffer. 
Second, HMTA attaches to the non-polar lateral faces of the ZnO NWs, producing a 
steric hindrance that inhibits the lateral growth of the NWs as the zinc complexes 
generated in solution cannot access the nonpolar faces of the NWs, as reported by 
Strano164 and Parize166 separately. Nonetheless, this steric hindrance is dependent 
on the concentration of the precursors in the growth solution and the size of the 
crystallites of the underlying seed layer. 
3.5.3 CBD control parameters and their influence on the nanowire 
growth 
Zinc nitrate hexahydrate and HMTA were the precursors used in this work. It is crucial 
to accurately control the concentration used for each and the ratio between them, 
as this is key for the adequate growth of the ZnO NWs. One critical aspect of the CBD 
of ZnO NWs is that, at the same time that the NWs are growing on the seeded 
substrate, hydrothermal synthesis reactions take place in solution, forming ZnO nano 
and microstructures. The growth of these structures in solution depletes the growth 
precursors at a much faster rate than the growth on a substrate. Hence, it is 
necessary to ensure that the concentration of the precursors in the solution is high 
enough to continue the NW growth for the desired reaction time. As detailed earlier, 
HMTA inhibits the lateral growth of the NWs, promoting their axial growth and thus 
increasing their aspect ratio. However, if the HMTA concentration is too high, it may 
inhibit the growth of the NWs altogether, leading to the growth of other 
nanostructures such as nanoplatelets or nanodisks. For zinc nitrate, the 
concentration has to be such that it enables the controlled growth of the NWs. 
Should it be too high, an undesired compact ZnO layer will be formed; on the other, 
if the concentration is too low, the NWs will not fully form. Regarding the ratios 
between zinc nitrate and HMTA, it has been thoroughly discussed in the literature, 
with the consensus stating163, 164 that higher densities of high quality and high aspect 
ratio NWs are obtained for equimolar ratios. Higher concentrations of HMTA than 
zinc nitrate provide a lower density of higher aspect ratio NWs. These considerations 
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clearly indicate that carefully selecting the concentration of both reagents is 
paramount to control the growth of ZnO NWs. As such, and based on these reports, 
a standard concentration value of 25 mM was used for both zinc nitrate and HMTA. 
For higher equimolar concentrations, the as-grown NWs have larger diameters and 
longer lengths owing to the richer growth solution. NWs grown under these and 
other conditions are discussed in Chapter 5.  
There are three other CBD control parameters that directly influence the growth 
of the NWs, namely the pH of the growth solution and the time and temperature for 
the CBD growth (see Figure 3.11). Modifications of the pH values, by adding a base 
such as ammonia to the growth solution, for example, have considerable influence 
on the morphology and dimension of the as-grown ZnO NWs. The works of Baruah167 
and Verrier168, among others, effectively show that for initial solution growth pH 
values in the neutral region (between 6.3 to 7.3), the CBD process yields hexagonal 
NWs with controllable dimensions. However, as this pH is increased to more basic, 
 
Figure 3.11. Scanning electron micrographs of ZnO NWs samples grown under different CBD 
conditions: a) 2 hours, 25 mM equimolar, b) 2 hours, 50 mM equimolar and c) 6 hours, 25 mM 
equimolar. The increase in both precursor concentration and synthesis time directly affect the NW 
diameter and density.  
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the ZnO nanomorphology changes from NWs to nanoneedles or flower-like 
structures, which are not desired for this work.  
The temperature during growth has a large influence on the growth kinetics and, 
hence, on the growth rate of the NWs. In short, higher temperatures will improve 
the kinetics of the NW growth, increasing the growth rate of the NWs. However, 
increasing the temperature has its limitations. In the particular case of the CBD 
process, as the growth takes place in an unsealed processing unit (as opposed to an 
autoclave in hydrothermal synthesis), the temperature is limited by the boiling point 
of the solvent, in this case water. Therefore, the maximum working temperatures are 
in the range of 90°C to 95°C. Temperatures below 90°C, down to 50°C, will result in 
NW growth, although the growth rate will be much lower. Thus, in this work, 90°C 
was used for all the NW growth. No experiments were performed at other growth 
temperatures as the literature on this topic is extensive and comprehensive163, 169 
and this was considered outside of the scope of the work. 
The synthesis growth time is the final CBD growth parameter discussed here. Its 
influence on the growth of the NWs is rather simple: the longer the growth time, the 
larger both the axial and lateral growth will be. Thus, the synthesis growth time is the 
prime control parameter to tune the dimensions of the NWs, along with the 
precursor concentration. In this work, 2 hours of growth time was established as the 
benchmark and other growth times used were compared to the 2 hours benchmark, 
as described in Chapter 5.  
The final critical influence on the dimensions, crystallinity and orientation of the 
as-grown NWs comes from the seed layer. Regarding the crystallinity, provided that 
the preferential crystalline orientation of the as-grown wurtzite phase NWs is (0 0 2), 
a seed layer deposited with this crystalline orientation will yield in principle better 
quality NWs due to almost no lattice mismatch. Nonetheless, seed layers with other 
preferential crystalline orientations will also serve as adequate growth platforms for 
the NWs. The crystallite sizes within the seed layer, i.e., the size of the surface 
nanometric features, plays a key role in the starting diameter of the NWs. In essence, 
larger crystallite sizes will yield NWs of larger diameter, as detailed in Chapter 5. The 
last factor of considerable importance is the surface roughness of the seed layers. 
Indeed, seed layers with a larger surface roughness will induce random alignment of 
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the NWs during growth, while seed layers with a low roughness (typically below 1 
nm) will yield vertically aligned NWs, as depicted in the schematic of Figure 3.12. The 
alignment of the NWs can play an important in certain applications, especially those 
with an emphasis on light absorption (solar cells) or those that take advantage of the 
large exposed surface to volume ratio of the NWs (gas sensing). 
3.6 Doping of ZnO nanowires 
Doping of ZnO is one of the most prominent areas of research in the field owing to 
the host of possible applications in which it can be implemented. The basics of 
semiconductor doping and why is it an interesting nanoengineering approach were 
discussed in Chapter 2. Doping of ZnO NWs, in particular, has been a subject of study 
for many years in the field thanks to the versatility of the NWs and the enhanced 
properties obtained after doping, which can further prompt the implementation of 
NWs in electronic devices. The doping of ZnO NWs has different aims depending on 
the material used as the dopant, although it is mostly focused on improving the 
optoelectronic properties of ZnO or changing the intrinsic type of semiconductor 
from n-type to p-type. The doping of ZnO NWs can be achieved through multiple 
methods. A critical feature of this doping is that the exact amount of dopants 
integrated in the ZnO NWs has to be carefully controlled, to ensure that the 
properties are tuned to the target application. Among the many available dopants, 
two in particular, cobalt and copper, have shown special promise in optoelectronic 
applications thanks to their ease of integration into ZnO and the control over the 
change induced in the NW properties170, 171.  
 
Figure 3.12. Schematic representation of the ZnO NW growth on a) rough or b) smooth seed layers, 
depicting the difference in the orientation of the as-grown NWs prompted by the texture and 
roughness of the seed layer. 
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ZnO can be doped with an almost limitless plethora of elements from the whole 
periodic table, from alkali metals to nitrogen or chalcogens. Independently of the 
ZnO growth technique used, the doping in most cases in done in situ, i.e., during the 
NW growth. In order to control the amount of dopants integrated during the NW 
growth, controlled quantities of the doping agent must be supplied during growth, 
either from the beginning or in an intermediate growth step. In general, the relation 
of Zn and dopant precursors before growth will not be a real quantitative reflection 
of the amount of dopants integrated into the NWs. The exact amount of integrated 
dopants has to be either quantitatively measured by techniques such as x-ray 
photoelectron spectroscopy (XPS) or, else, it can only be qualitatively compared with 
undoped NWs or NWs doped with a different amount of dopant. 
 The doping of ZnO NWs is based on the incorporation of the dopant agent 
taking place either as a defect172 in the crystalline lattice of ZnO or as a substitutional 
atom taking the place of a Zn173 or O174 atom in the wurtzite lattice, see Figure 3.13. 
The selection of the dopant agent is typically linked with a target application. The 
main applications in which doping plays a role can be summarized as follows: 
• ZnO is a photoactive material that absorbs light in the UV-blue regions of the 
spectra. Adding dopants to ZnO helps controlling the optical properties of the 
material, enabling light absorption in other regions of the visible spectrum. 
Dopants can also introduce electronic states that improve the photocatalytic 
properties of ZnO. For example, doping ZnO NWs with chromium175 enhances the 
photocatalytic activity, while also providing a considerable boost to the light 
absorption across the whole visible range. Another example comes from the 
improved photocatalytic activity efficiency achieved by introducing lanthanum176 
into ZnO NWs. 
• ZnO NWs have previously been described as ideal platforms for sensing 
applications owing to the excellent electronic properties of ZnO, the large surface 
to volume ratio and the availability of adsorption sites due to surface defects. The 
addition of dopants can greatly enhance the sensing properties of ZnO, giving rise 
to applications such as humidity sensing177, by cadmium doping, ethanol 
sensing178, by doping with gold, or efficiency enhanced UV sensing179, by 
incorporating antimony in the ZnO lattice. 




Figure 3.13. Schematic representing the change induced in the ZnO wurtzite lattice when 
substitutional cobalt doping in introduced. Zinc is represented in blue, oxygen in red and cobalt in 
yellow. 
• New functionalities can be introduced in the ZnO NWs by the addition of specific 
dopants. In particular, introducing magnetic moieties has seen an exhaustive 
work in the literature as the low-cost, high quality and high throughput growth 
of ZnO NWs is interesting in spintronics. As such, the use of magnetic transition 
metals such as manganese180 or cobalt181 has shown promise for magnetic ZnO 
NWs. 
• Changing the semiconducting type from n-type to p-type has been one of the 
most researched applications of ZnO doping as it would open the possibility of 
building p-n junction-based devices, which have a vast field of applications. 
Efforts to achieve this have been mostly focused on the use of lithium182 as a 
dopant, although other elements such as silver or antimony have also shown 
promise, as shown in the detailed work Lu183 about p-type doping of ZnO NWs. 
As it can be seen in this brief overview of ZnO doping, a large variety of 
elements can be introduced into the ZnO lattice of the NWs to control their 
optoelectronic properties. More detailed information about the growth, 
enhancement and applications of doped ZnO NWs can be found in the thorough 
reviews of Samadi170 and Hassanpour171. 
In this work, the ZnO NWs were grown and doped using CBD. Two different 
metals were selected as dopants, cobalt and copper. Both are known for providing 
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control over the optical properties of the NWs. In particular, they induce a red-shift 
in the absorption band edge of the ZnO NWs. This means that the bandgap of the 
NWs will be reduced, allowing the absorption of light at lower energies to enhance 
the performance of the photoelectrochemical applications in this work. Both dopants 
were integrated in the ZnO NWs in situ during the CBD growth of the NWs. For this, 
cobalt (Co(NO3)2·6H2O) or copper nitrate (Cu(NO3)2·3H2O) were used as the metal 
cation salt, which was dissolved along with the zinc nitrate and HMTA in the solution 
for the NW growth. These cations have a 2+ valence, the same as zinc, which prompts 
their integration into the ZnO lattice directly by substitution184 of a Zn atom with a 
Co or Cu atom.  
Substitutional doping induces changes in the structure of the ZnO NWs due to 
the difference in atomic radii between Zn and the doping agents. As these atomic 
radii differ by a few Angstroms, when a Zn atom is substituted, small changes in the 
lattice parameters will be induced, slightly distorting the wurtzite structure, while 
maintaining the crystalline structure of the NWs, meaning that the NWs are still 
single crystal wurtzite phase ZnO. Furthermore, Co and Cu doping induce structural 
changes in the NWs due to different growth kinetics that result in larger diameter 
NWs compared to the undoped ones. This effect of the doping is shown for Co-doped 
ZnO NWs in Figure 3.14. To control these structural changes and tune the effect on 
the optical properties, different concentrations of cobalt or copper nitrate were 
introduced into the growth solution so a comparative study was established. For this, 
the ratios between the dopant nitrate and zinc nitrate were varied to achieve a better  
 
Figure 3.14. X-ray diffraction spectra of a) pristine and b) Co-doped ZnO NWs showing the 
characteristic peak main peaks of wurtzite phase ZnO. The shift in the (0 0 2) and (1 0 1) peaks towards 
higher diffraction angles after Co-doping is a clear indication of the substitutional character of the 
cobalt doping owing to the difference in atomic radii between Zn and Co atoms. 
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understanding and control of the influence that of two dopants upon the growth, 
properties and applications of the resulting doped-ZnO NWs. A detailed description 
of the different doping conditions and their influences on NW growth and optical 
properties is presented in Chapter 6, while their functional performance in 
photoelectrochemical water splitting is detailed in Chapter 8. 
3.7 Surface functionalization of ZnO nanowires 
The surface functionalization of ZnO NWs has been widely utilised to develop the 
properties of ZnO to better match the requirements of the target application. This, 
along with doping, opens a variety of tunability options that can tailor the properties 
of the ZnO NWs to specific applications. Furthermore, the NW morphology 
incentivises the use of surface functionalization thanks to its large surface to volume 
ratio, so any enhancement provided by the surface functionalization is further 
boosted by the original large surface area of high aspect ratio NWs. Surface 
functionalization of ZnO NWs can be used to sensitize the light absorption of the 
NWs, passivate surface defects to enhance the operational lifetime or add catalytic 
moieties. For this, different methods can be used. Here, three of these will be 
discussed, namely the core-shell structuring using the ZnO NWs as core, the 
integration of ZnO NW cores and metal-organic framework outer layers and the 
surface decoration of the NWs with precious metal and, in particular, iridium.  
3.7.1 Core-shell structuring of ZnO nanowires 
It is possible to take advantage of the NW morphology and its verticality to coat their 
surface with another material to add functionality. This can be achieved through 
different techniques that offer the possibility of depositing a thickness-controlled 
shell. There are two key features to successfully implement a core-shell structuring: 
first, the orientation of the NWs has to be as vertical as possible so shadow effects 
can be avoided, as showcased in Figure 3.7. Second, the thickness of the deposited 
shell should be homogeneous and of a controlled thickness to ensure an adequate 
integration of the shell and the ZnO core. Typically, the shell thickness is of the order 
of a few nanometres, which can be deposited using different techniques such as CVD 
or PLD. However, the most commonly used technique for the core-shell structuring 
is ALD. As detailed in Chapter 3.4.1, ALD allows atomic control of thin film deposition. 
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Moreover, ALD is a conformal coating technique, meaning that it can homogeneously 
and controllably coat nanostructures. This, combined with the large variety of 
available materials (especially semiconducting metal oxides) makes of ALD the most 
desirable technique for core-shell structuring. 
 The group of David Zhang has shown how materials such as HfO2185 or ZrO2186 
can be integrated with NWs as a shell (see Figure 3.15) to tailor the optoelectronic 
properties of the ZnO NWs for enhanced performance in applications such as lasing 
or UV emitters. The performance of ZnO NWs as the electron transport layer in a 
solar cell can be boosted by the deposition of a thin TiO2 layer187 that acts as a 
recombination suppresser, improving some key solar cell parameters. Another 
example of the extreme versatility of ALD comes from the fabrication of 
nanocapacitors188 using ZnO NWs as core and a multi-layered shell based on Al2O3 
and aluminium-doped ZnO, both of which are deposited using ALD. 
3.7.2 Metal-organic framework integration 
Metal-organic frameworks (MOFs) are organometallic reticular compounds formed 
by coordination networks of organic linkers and metallic nuclei. The flexibility with 
which these two building units can be varied in geometry, size and functionality 
provides the unique properties of MOFs, with tens of thousands of different 
structures being reported189. MOFs are crystalline structures that, owing to their 
unique reticular architecture, have outstanding porosity and surface area, exceeding 
those of other porous materials such as zeolites or carbons190. Furthermore, the large  
 
Figure 3.15. Transmission electron microscopy and selected area diffraction patterns of a) ZnO/HfO2 
core/shell nanowires185 and b) ZnO/ZrO2 core/shell nanowires186, demonstrating the integration of 
ZnO cores and metal oxides by using atomic layer deposition.  
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variety of organic and inorganic moieties that can be used has prompted the use of 
MOFs in an almost limitless list of applications, among which catalysis and gas 
adsorption, separation, capture and storage are the most studied. More detailed 
accounts of MOF general properties can be found in the work of the founder of the 
field, Omar Yaghi191, 192. 
 Considering the vast variety of MOFs, efforts to classify them are required. In 
this sense, the most common grouping method used is in form of families, MOF 
groups that share certain structural commonalities, be it a shared organic linker or 
that they were first synthesized in a certain group or university and that share a 
common structure. Among these families, one of the most studied in the field is the 
zeolitic imidazolate framework (ZIF) family193. ZIFs are a family of MOFs characterized 
by their zeolitic architecture that is particularly similar to aluminosilicate zeolites. In 
this type of zeolites, the traditional bonding structure is M-O-M, where M represents 
Si or Al; in comparison, the ZIF family bonding structure is typically M-Im-M, where 
M usually represents Zn or Co and Im is an imidazole organic linker. Based on this, 
ZIFs have properties that combine those of zeolites and MOFs, providing outstanding 
surface areas (few thousands of m2/g), high crystallinity and tunability of their 
functionalities, and exceptional chemical, thermal and mechanical stability.  
 Within the ZIF family, there are two particularly important MOFs, namely ZIF-8 
and ZIF-67, which are zinc and cobalt-based isostructural ZIFs194. This means that 
their crystalline structure is the same for both, except for the metallic nuclei, which 
is Zn for ZIF-8 and Co for ZIF-67. ZIF-8 is the most well-studied MOF of the ZIF family. 
It has a sodalite structure in which zinc is coordinated by 2-methyilimidazole linkers. 
One of its most important characteristics is the small pore aperture size, which is 0.34 
Å, making it an ideal material for the separation of hydrogen from other larger gases 
such as nitrogen or CO2195. Furthermore, ZIF-8 has shown impressive gas adsorption 
and storage capabilities, making it a target for diverse pollutant capture applications, 
such as in the capture of CO2196. ZIF-67 is an isostructural MOF of ZIF-8, with cobalt 
as the metallic nuclei instead of zinc, that has been utilised in applications like 
capacitors197. The processing of these MOFs is always solution based, be it in a 
hydrothermal synthesis or a CBD basis.  
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Commonly, the growth of ZIF-8 is based on the use of organic solvents such as 
methanol, ethanol or dimethylformamide in which a zinc source and the organic 
linker (2-methylimidazole for these two MOFs) are dissolved. This opens up the 
possibility of integrating MOFs and ZnO NWs as no shadowing effect (as described in 
the previous section) can take place in a solution-based process. Furthermore, since 
ZIF-8 is based on zinc, the NWs can serve as a growth template, supplying the zinc 
required for the growth of the MOF to form a shell around them through surface 
conversion. This method can be achieved following different procedures as detailed 
in Chapter 7. ZIF-67 can also be integrated with the ZnO NWs, although the 
experimental requirements are different, due to the presence of Co instead of Zn. 
Integrating MOFs and NWs has a multitude of applications owing partly to the 
synergy between the surface to volume ratio of the NWs and the vast surface area 
of the MOFs. This means that the performance of this type of hybrid material in 
applications that require large surface areas, like gas sensing or catalysis, will be 
enhanced. Chapter 7 details the integration of ZIF-8 and Co-doped ZnO NWs, with a 
thorough description of the novelty of this integration, its processing and how the 
ZIF-8 shell greatly enhances the photoelectrochemical performance of the ZnO NWs 
towards water splitting, with Figure 3.16 showing an example of this integration 
The integration of MOFs and NWs can be taken a step further, should the MOFs 
be converted into other functional materials. MOFs like ZIF-67 have been used as 
scaffolding for the direct thermal conversion of the MOF into another material of 
interest, Co3O4 in the particular case of ZIF-67198. Co3O4 has been widely used as a
 
Figure 3.16. Scanning electron micrographs of ZnO core-ZIF-8 shell nanowires. The shells were 
deposited by a) spin coating and b) drop casting. 
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high activity, highly efficient photocatalyst for the production of hydrogen and water 
treatment. Direct carbonization of ZIF-67 at high temperatures will yield structured 
Co3O4 following the architecture of the MOF in an attempt to increase the available 
catalytic surface area of the cobalt oxide. This means that the integration of MOFs 
and NWs can provide a pathway for the controlled addition of co-catalysts to the ZnO 
NWs that can further improve their performance in photocatalytic applications. As 
such, this integration has been deemed an interesting approach for the 
implementation of ZnO NWs and co-catalysts for enhanced performance. An 
example of this is shown in Figure 3.17, in which ZIF-67 was utilised as scaffolding to 
convert it into a Co-nanocarbon composite by direct thermal carbonization. In this 
way, the cobalt-nanocarbon composite can be grown using the nanostructure of ZIF-
67, which can be beneficial to applications such as catalysis or gas 
sensing/adsorption. 
3.7.3 Surface decoration of ZnO nanowires 
The sidewall of the NWs are an attractive foundation layer on which different 
nanomaterials can be deposited to enhance the properties of the NWs. This surface 
decoration should be done in a controlled manner to avoid the deposition of a 
continuous layer that would acts as a shell or barrier that could hinder the 
performance of a ZnO NW based device. Thus, the surface decoration of the ZnO 
NWs can be limited to the deposition of nanoparticles (NPs) of different sizes, from
 
Figure 3.17. Schematic representation of the use of ZIF-67 as scaffolding for the direct transformation 
into a Co-P/nanocarbon composite198.  
3.7 Surface functionalization of ZnO nanowires 
92 
 
 few nanometre NPs to quantum dots199 (QDs). The addition of the decorating NPs to 
the NWs can add new functionalities to the NWs, enhancing the electronic structure 
and improving the optoelectronic properties. In any case, the controlled deposition 
of these NPs is key to obtain reproducible and comparable results that can be 
contrasted with the as-grown NWs.  
 There are two main types of materials that have been utilised for this purpose: 
precious metals, such as gold, platinum or iridium and carbon-based NPs. Regarding 
the precious metals, these materials are well known for their outstanding adsorption 
of analytes to be sensed, making them remarkable sensors. However, making an 
entire sensor of a material like gold or platinum can be rather expensive, thus the 
need to find alternatives by which they can provide their catalytic attributes while 
being present in a much lower quantity in a device. Additionally, elements like gold 
are known to induce plasmonic effects on the surface of materials that they are 
deposited on. These surface plasmons will enhance the optoelectronic properties of 
the ZnO NWs, providing a more efficient photoresponse when used as 
photodetectors200 of ultraviolet light. Platinum has traditionally been used as a very 
reliable and stable gas sensor with high sensitivity201. Thus, the coupling of Pt and 
ZnO NWs has been utilised to greatly enhance the gas sensing202 response of ZnO 
NWs. These precious metal NPs are typically deposited either by chemical self-
assembly or vapour-liquid-solid growth. In the case of iridium, its integration with 
ZnO NWs is almost non-existent in the literature, mainly due to the difficulty of 
accurately depositing controlled NPs. Nonetheless, iridium is widely regarded as one 
of the most successful photoelectrochemical water splitting catalysers, providing 
outstanding efficiencies and photogenerated current densities203, 204. As such, the 
integration of Ir and ZnO NWs is of increasing interest in the research on the 
improvement of the performance of ZnO NWs in photoelectrochemical applications. 
In this work, the integration of nanoscale Ir features was successfully achieved by 
making use of sputter deposition of iridium. One of the main problems for Ir 
deposition stems from the shadowing effects described in Figure 3.18. This issue was 
overcome by tuning the process parameters of the sputtering to specifically mitigate 
this shadowing effect, as described in detail in Chapter 4.6.2. The deposition strategy 
here developed lays the pathway for a new way of functionalizing the surface of NWs, 




Figure 3.18. a), b) Scanning electron micrographs and c), d) transmission electron micrographs of ZnO 
nanowire samples decorated with iridium nanoparticles. The granulated lateral faces of the nanowires 
seen in the SEM images indicate the presence of iridium, which is corroborated by the TEM imaging. 
avoiding shadowing effects, that can enhance their performance in gas sensing and 
optoelectronic applications.  
 Attending to the decoration using carbon-based materials, typically graphene 
QDs or some type of molecular anchor are used as decorating NPs. In both cases, the 
process to incorporate the decorating material is based on liquid phase deposition 
either by drop casting or submerging in a bath containing the NPs. In some cases, 
prior to the deposition of the carbon-based nanomaterial, the surface of the NWs 
has to be functionalized with another organic compound that can strongly bond the 
decorating material. Graphene QDs have been use as sensitizers for 
photoelectrochemical applications. Thus, similarly to how Ir can affect the 
performance of the NWs, graphene QD decoration has been explored as an easy 
alternative process that can provide outstanding results as a photoanode205. Another 
possibility of carbon-based decoration involves using specific molecules that will turn 
the ZnO NWs in biosensors able to detect a target molecule in air or solution. The 
selective detection of target biomolecules is an extensive research topics due to the 




advantage of the surface to volume ratio of the NWs to increase the selectivity and 
sensitivity of a biosensor206 is a rather attractive alternative to other classical 
methods. 
3.8 Summary 
In this chapter, a topical review of ZnO as a material was provided. It began with a 
detailed description of the most relevant structural, mechanical and electrical 
properties of ZnO as a material, with an especial focus towards electronics. This was 
followed by a detailed account of the principal growth methodologies for ZnO and its 
different nanomorphologies, both in gas and liquid phase. Subsequently, a summary 
of the array of ZnO nanomorphologies was provided, where structuring is defined by 
the number of dimensions of the morphology. Here, it was also stated that NWs will 
be the focal point of this thesis and, as such, the rest of the chapter refers to NWs 
unless otherwise specified. The growth of NWs is achieved following a two-step 
process: first, a ZnO seed layer is deposited using either ALD or sol-gel processing; 
then, the NWs are grown by CBD. An in-depth discussion of these three techniques, 
their principles, shortcomings and how they were used in this work was given. Details 
on the doping of ZnO NWs and its importance due to the vast variety of dopants that 
can be used were provided, specifically its doping with cobalt and copper. Finally, the 
surface decoration of the ZnO NWs by core-shell structuring, MOFs or the decoration 

























This chapter describes in detail the growth methodologies used for the sample 
preparation along with all the morphological, chemical and spectroscopic 
characterisation of the samples in the thesis. To begin with, the preparation 
methodology for the different substrates used is described, followed by the details 
of the deposition of the ZnO seed layer through atomic layer deposition (ALD) or sol-
gel processing. Following that, the growth of the ZnO NWs by chemical bath 
deposition and their functionalization by doping, core-shell structuring and in-situ 
grown nanoparticle decoration is described. The morphological characterization of 
the seed layers and the as-grown NWs was done using three different types of 
microscopy, namely atomic force microscopy (AFM), scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM), and two x-ray-based techniques, 
x-ray diffraction (XRD) and x-ray reflectivity (XRR). The chemical environment of the 
as-grown materials was studied through x-ray photoelectron spectroscopy (XPS) and 
energy dispersive x-ray spectroscopy (EDX) mapping, while the optical properties 
were analysed by ultraviolet visible spectroscopy (UV-vis), fast transient absorption 
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spectroscopy (FTAS) photoluminescence (PL), and cathodoluminescence (CL). 
Different individual samples were used for each separate characterization technique. 
To ensure homogeneity in their properties, these samples were all prepared in the 
same batch. The samples were stored in simple plastic Petri dishes under air 
atmospheric conditions. Finally, descriptions of the photoelectrochemical 
characterization of the ZnO NWs used as photoanodes are discussed. Unless 
otherwise specified, all the experiments were carried out by the author. The methods 
here described serve as the basis for the understanding of the results shown in 
Chapters 5, 6, 7, 8 and 9.  
 The following list provides a summary of the materials that were utilised 
throughout this work. All of the chemicals used in these processes were utilised as 
received, with no further purification. As substrates, Si/SiO2 (1 0 0) from Testbourne 
(>10 Ω·cm) and in-house ITO (300 nm) on glass were utilised. The solvents and liquid 
phase chemicals utilised were sulphuric acid, 98% purity, hydrogen peroxide 30% 
volume in water, isopropanol alcohol, IPA, ≥99.8% purity, 2-methoxyethanol, C3H8O2, 
anhydrous, 99.8% purity, and methanol, ≥99.9% purity, all from Merck. Regarding 
solid state chemicals, zinc chloride, pure, hexamethylenetetramine, HMTA, ≥99.5% 
purity, and 2-methylimidazole, HMIM, ≥99% purity, from Merck, zinc nitrate 
hexahydrate, 99% purity metals basis, from Alfa Aesar, and cobalt nitrate 
hexahydrate, 99% purity, and copper nitrate trihydrate, 99% purity, for analysis, from 
ACROS Organics, were used. In addition, N2, 99.9% purity, from Air Liquide, and 
diethylzinc, DEZ, pure, from Merck, prepared for deposition systems, were the gas 
phase chemical used. 
4.2 Preparation of the substrates 
Two different types of substrates were utilised in this work, depending on the 
application and the analytical technique to use: thermally oxidized Si/SiO2 (1 0 0), 
with 50 nm of SiO2 from Testbourne (>10 Ω·cm), and 300 nm of indium tin oxide (ITO) 
on glass. The former was mainly used along with ALD for the growth of the seed 
layers, with the oxide layer acting as an insulator that prevents electrical conduction. 
The latter was the focus of the sol-gel deposition of seed layers and was also used for 
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all the photoelectrochemical experiments due to the high electrical conductivity 
provided by the ITO layer on glass.  
 Silicon substrates were cleaned in a piranha solution for 15 minutes to remove 
any dust, debris and inorganic contamination on the polished surface of the 
substrate. This piranha solution was prepared by mixing sulphuric acid (98% purity, 
from Merck) and hydrogen peroxide (30% volume in water, from Merck) in a 3:1 
ratio. After cleaning with the piranha solution, the silicon substrates were dipped 
twice in deionized water (DI) and, afterwards, thoroughly washed with a DI water 
stream to ensure that all the possible residues from the piranha solution were 
removed. Finally, the substrates were blow dried with a nitrogen gas gun to remove 
any residual water that could influence the subsequent deposition of the seed layer. 
Cleaning with piranha solution also hydroxylates the surface of the substrate, which 
favours the ALD growth of ZnO films. 
 ITO/glass substrates were cleaned by rubbing the surface of the ITO film with a 
sterile napkin wet with isopropanol alcohol (IPA, ≥99.8% purity, from Merck) and 
subsequently blow drying the substrate with nitrogen to remove any fibres or 
particles from the cleaning process. Afterwards, the surface of the ITO was treated 
in an ozone cleaner for 15 minutes to enhance the addition of the sol-gel deposited 
ZnO seed layer to the substrate.  
4.3 Atomic layer deposition of ZnO seed layers 
Atomic layer deposition (ALD) is a thin film deposition technique based on the 
sequential use of precursors in gas phase to grow continuous films with atomic 
control of their thickness, roughness and structural properties. A more detailed 
description of the principles of the technique were provided in Chapter 3.4.1.  
In this work, the system used was a Savannah S300 ALD system from 
Ultratech/Cambridge NanoTech. For ZnO, diethylzinc (DEZ, pure, from Merck, 
prepared for deposition systems) was used as the organometallic zinc precursor and 
water was used as the oxidant. The working temperatures for the deposition can 
range from 125°C up to 280°C, which is close to the thermal limit of the sealing rings 
in the system. In this thesis in particular, for ZnO seed layers, temperatures ranging 
from 200°C to 280°C were utilised as, within this range, the ZnO seed layer are 
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expected to have an (0 0 2) crystalline orientation with respect to the surface normal, 
which is desired for the growth of the ZnO NWs. A wide variety of pulse and purge 
times ranging from 0.01 s to 1 s were used for both water and DEZ, as detailed in 
Chapter 5.1. The carrier gas used was N2 (99.9% purity, from Air Liquide) at a low 
vacuum of 0.3 Torr. The ALD process was controlled by the Ultratech in-built 
software, in which the deposition setup, system schematic, status and the pulse and 
purge train can be controlled. In addition, the temperature, base pressure, carrier 
gas flow and number of cycles were also controlled via this software. 
Due to unforeseen practical health and safety issues, the ALD system could not 
be utilised for the later part of this work for the deposition of ZnO seed layers. Thus, 
the use of ALD was limited to the study of the controlled growth of ZnO NWs in 
Chapters 5 and 6, while the work described in Chapters 7 and 8 was based on the sol-
gel deposition of seed layers on ITO/glass substrates. 
4.4 Sol-gel deposition of ZnO seed layers 
Sol-gel processing is a soft-chemistry solution-based process used to prepare thin 
films by direct deposition of a solution and subsequent heat treatment. The 
technique used to deposit the solution will determine the final outcome of the 
deposited thin film. Thus, in this work, spin coating was the sol-gel processing 
technique used for the deposition of the ZnO seed layer. The spin coating process is 
based on the application of centrifugal force by spinning at high speed in order to 
create a surface that is homogeneously coated with the target material. A detailed 
description of sol-gel deposition and spin coating is provided in Chapter 3.4.2.  
To prepare the precursor solution for ZnO seed layers, zinc chloride (pure, from 
Merck) was chosen as the zinc source with 2-methoxyethanol (C3H8O2, anhydrous, 
99.8% purity, from Merck) as the solvent. In a typical seed layer deposition, 225 mg 
of ZnCl2 were dissolved in 10 mL of C3H8O2 and subsequently spin coated on to the 
substrate. The spin coating was carried out at 5000 rpm for one minute, with the 
acceleration set at 2500 rpm per second. Subsequently, the seed layers were 
thermally treated at 300°C for 1 hour to form the ZnO seed layer. The conditions 
described here were the only ones used for the sol-gel deposition of ZnO seed layer 
and no further investigations on different sol-gel conditions were studied. 
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4.5 Chemical bath deposition of ZnO nanowires  
Chemical bath deposition (CBD) is a solution-based batch processing technique 
utilised to deposit thin films or nanomaterials on to a substrate. In the particular case 
of the CBD of oxides126, the process is based on the hydrolysis of a metal salt 
precursor, which is described in more detail in Chapter 3.5.1.  
For the CBD growth of ZnO NWs158, a few metal salt precursors can be used162, 
namely zinc chloride, zinc acetate dihydrate and zinc nitrate hexahydrate. The latter 
was chosen for this work. In a typical CBD growth of ZnO NWs158, the desired 
concentrations of zinc nitrate hexahydrate (99% purity metals basis, from Alfa Aesar) 
and a hydroxide source, hexamethylenetetramine (HMTA, ≥99.5% purity, from 
Merck), were dissolved in 200 mL of DI water in a glass beaker. Subsequently, the 
solution was magnetically stirred until its colour became clear or grey, depending on 
the concentration of reagents used.  
Next, the substrate with a previously deposited seed layer was submerged in 
the solution face down and the covered beaker was then introduced into an oven at 
90°C. The following conditions were set as the benchmark for the ZnO NW growth: 
25 mM equimolar concentration of zinc nitrate (1.487 g) and HMTA (0.701 g) 
dissolved in 200 mL of DI and placed in the oven at 90°C for 2 hours. Under these 
conditions, the pH of the solution was set at around 8 and it was not modified unless 
otherwise stated. Both the volume of the solution and the temperature were kept 
constant throughout this work, while the concentration and the synthesis time were 
used as growth control parameters, as described in detail in Chapter 5.3. 
The sample holder, shown in Figure 4.1, is a custom-made in-house Teflon 
holder formed by a ring with three detachable legs and an outer ring; both rings have 
an internal diameter of 4.9 cm. Teflon was chosen as the ideal material due to being 
chemically inert and able to withstand the temperature and pH conditions of the NW 
growth. The samples were placed face down, i.e. with the ZnO seed layer facing 
downwards to avoid the settling out of any ZnO structures grown in solution on top 
of the as-grown NWs on the substrate. This is particularly important for the samples 
used in photoelectrochemical applications as these deposited ZnO structures could  
 




Figure 4.1. Top view photograph of the custom-made Teflon holder and two silicon samples placed 
face down in order to obtain an optimal growth of ZnO NWs. The inner diameter of the Teflon holder 
used is 4.9 cm.  
hinder or interfere with the correct operation of the device. The importance of this 
positioning is demonstrated in Chapter 5.6. 
 After growing the NWs for the desired synthesis time, the glass beaker was 
taken out of the oven and naturally cooled to room temperature. Immediately after 
taking the beaker out of the oven, the sample holder was placed in a separate beaker 
filled with DI water. Then, the as-grown NW sample was thoroughly washed under a 
DI water stream and subsequently blow-dried with nitrogen to ensure that any 
possible growth residue was removed from the surface of the NWs. 
4.5.1 Doping of ZnO 
 Doping of the ZnO NWs with cobalt or copper was carried out in-situ during the 
CBD growth171, as detailed in Chapter 3.6. For this, cobalt nitrate hexahydrate (99% 
purity, ACROS Organics by Fisher) and copper nitrate trihydrate (99% purity, for 
analysis, ACROS Organics by Fisher) were used as the respective precursors. The 
appropriate concentration of the respective salts was dissolved in the same 200 mL 
DI water along with the other reagents and the growth procedure otherwise 
remained the same. The percentage values used to designate the different 
concentrations described in Chapter 6 refer to the atomic ratio between Co or Cu 
and Zn as in Eq. 4.1, 







∙ 100 [Eq. 4.1] 
where Doping % refers to the percentages described in Chapter 6, and Cdopant and CZn 
are the concentrations of the dopant (Co or Cu) and Zn precursors, respectively. 
However, these nominal values do not represent the real amount of dopant in the 
NWs207, which is expected to be lower than the nominal value provided. The reason 
for this lies on the fact that part of the dopants will react in solution or will not react 
at all, which reduces the amount of dopant that will be integrated in the NWs. 
Depending on the dopant, the colour of the solution changed to red or blue as a 
function of cobalt or copper doping, respectively.  
4.6 Functionalization of the ZnO nanowires 
The ZnO NWs, both undoped and doped, were functionalized using different 
materials in order to enhance the intrinsic properties of ZnO and overcome some of 
the shortcomings mentioned in Chapter 3.2. Two different types of surface 
functionalization are discussed: iridium deposition and metal-organic framework 
(MOF) growth. 
4.6.1 Iridium functionalization 
ZnO NWs were also functionalized with iridium to investigate any enhancement in 
their photoelectrochemical performance as water splitting photoanodes due to the 
catalytic effect of Ir. The decoration of the NWs sidewalls with nanoscale iridium was 
achieved through radio frequency (RF) magnetron sputtering208. In a typical 
sputtering deposition process, a gas discharge plasma is generated inside the 
deposition chamber close to the target of the material to be deposited in such a way 
that the target is bombarded by high-energy ions from the plasma. This 
bombardment of ions onto the target causes the removal of atoms from the surface 
of the target, which then coalesce on the substrate to form a film of the target 
material. Typically, Ar gas is used as the working gas that is ionised to produce the 
plasma that bombards the target, which is chosen due to its large mass and being 
inert. The bombardment of the target causes the ejection of target atoms and 
secondary electrons, which help maintain the plasma. Once the target atoms reach 
the substrate, they can migrate to areas of the substrate where the surface energy is 
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more favourable to the adequate coalescing of the film. The distance between the 
target and the substrate must be short enough that the target atoms do not re-
evaporate before coalescing on the substrate. For this, no impedance should be in 
the deposition chamber, thus the need for vacuum during deposition. To ensure a 
homogeneous deposition on the sample, the substrate is typically rotated. 
In an ideal sputtering thin film deposition, the working gas pressure will be low 
enough (high vacuum, around 10-8 Torr) to ensure that the collisions between the 
target atoms and the working gas atoms will be minimal, ensuring almost 
unidirectional deposition vectors of the target material, which would be 
perpendicular to the substrate, creating a smooth, continuous thin film. Different 
parameters like target-substrate distance, interfacial properties of both substrate 
(cleanliness, surface energy) and target (possible contamination, irregular ejection of 
atoms), temperature of both target and substrate, deposition rate, working gas type 
and pressure as well as the power applied from the RF source play role on the final 
quality of the in-situ grown iridium decoration. 
Typical conditions for producing high quality thin films are unlikely to create 
the nanoisland decoration that is targeted in this work. To achieve this, a low vacuum 
of 10-3 Torr was used. The reason behind this lies in the number of collisions between 
the target atoms and the working gas, as depicted in Figure 4.2. If a low vacuum is 
used, the pressure of the working gas is higher, which means that there will be more 
Ar atoms in the deposition chamber. Thus, when an atom is ejected from the target, 
it will collide with multiple Ar atoms, leading to multidirectional deposition vectors. 
Having these multidirectional deposition vectors ensures that the target atoms will 
deposit on the sidewalls of the ZnO NWs, yielding the targeted nanoisland decoration 
by self-assembly of the deposited Ir atoms on the sidewalls of the NWs. It is possible, 
to some extent, to control the size of the deposited nanoislands by controlling the 
deposition rate, deposition time and working gas pressure in the sputter system. 
Details of the different sputtering conditions used and their resulting morphological 
properties are provided in Chapter 7.2.1. This was carried out on a Mantis QPrep500 
magnetron sputtering system at the Department of Physics of Durham University. 




Figure 4.2. Schematic depicting the influence of the directional vectors during the sputtering of the 
iridium functionalization. The top frame shows that unidirectional deposition vectors lead to a 
continuous iridium film, while in the bottom frame, multi-directional vectors provide a homogeneous 
decoration of the NWs. 
4.6.2 Metal-organic framework functionalization 
Metal-organic frameworks209 (MOFs) are organometallic compounds formed by 
metallic nuclei coordinated with an organic linker, as described in Chapter 3.7.2. In 
this work in particular, a MOF from the zeolitic imidazolate framework193 (ZIF) family 
was used, ZIF-8, which is a zinc based MOF.  
 The growth of ZIF-8 was carried out through two different methods: drop 
casting and spin coating. In both cases, the MOF growth principle is based on utilising 
the hydrophilicity of the ZnO NWs to wet their sidewalls with the solution containing 
the organic linker of ZIF-8 (2-methylimidazole, HMIM, ≥99% purity from Merck), 
followed by a thermal treatment such that the zinc from the NWs would react with 
the HMIM on the sidewalls to form the MOF. For both processes, a HMIM solution in 
methanol (≥99.9% purity, from Merck) was prepared by dissolving the desired 
amount of organic linker in 10 mL of methanol and stirring until a clear solution was 
obtained. The solution was either drop casted or spin coated on to the as-grown 
NWs. For the former, five 0.05 mL droplets were used, enough to form a thin liquid 
layer on top of the NWs. For the latter, the spin coating process was performed at 
5000 rpm for 30 seconds at an acceleration of 2500 rpm per second. Higher rpm 
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ensured an adequate coverage of the sidewalls of the NWs and led to the best and 
most controlled growth of the ZIF-8 shell, which is discussed in Chapter 7.3.2. The 
conditions here described for spin-coating are based on a process that was 
developed internally, as this was a novel approach to the integration of ZIF-8 and 
ZnO. After the deposition with either technique, a two-step thermal treatment on 
hot plates was utilised for the growth of ZIF-8. First, a pre-growth evaporation step 
at 65°C for 5 minutes was performed to ensure that all the remaining solvent from 
the starting solution was eliminated. Then, the growth step was carried out at 160°C 
for different times. This temperature is above the melting point of HMIM and leads 
to a liquid-solid reaction on the lateral faces of the NWs by which the ZIF-8 shell 
grows using the ZnO NWs as growth templates. After growth, the samples were 
rinsed with methanol and blow-dried with a nitrogen gas gun to remove any 
unreacted reagent. The different conditions used for the growth of the shell and the 
results obtained are described in detail in Chapter 7.  
4.7 Microscopies for structural and morphological analysis 
Three different microscopy techniques were utilized to fully characterize the 
structure and morphology of the ZnO seed layers and NWs: atomic force microscopy 
(AFM) was used to analyse the surface properties of the seed layers, while scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) were used 
to study the structural and morphological properties of the undoped, doped and 
functionalized ZnO NWs.  
4.7.1 Atomic force microscopy 
Atomic force microscopy210 is a high-resolution type of scanning probe microscopy 
(SPM). SPM techniques are based on using a physical probe that scans the surface of 
a specimen to form images. In the case of AFM, sub-nanometre resolution can be 
achieved. The main parts of any AFM system are a flexible cantilever, placed parallel 
to the specimen, the tip protruding from the cantilever, which is the probe of the 
system and determines the highest achievable resolution, the support of the 
cantilever, a piezoelectric element that controls the oscillations of the cantilever, a 
laser detector to accurately measure the deflection and motion of the cantilever and 
the stage. A schematic of a typical AFM system is given in Figure 4.3. 




Figure 4.3. Schematic of the components of a typical atomic force microscopy system.  
In an AFM scan, the tip of the cantilever is brought into close proximity of the 
specimen surface. When this distance is small enough, attractive forces between the  
tip and the specimen will lead to a deflection of the cantilever following Hooke’s law 
that is generally represented by Eq. 4.2, 
 𝐹𝑆 = −𝑘 ∙ 𝑥 [Eq. 4.2] 
where FS is the force applied on the cantilever, k is a spring constant characteristic of 
the material of the cantilever and x is the total displacement from the relaxed or 
stable position. The force applied on the cantilever can have many sources such as 
direct mechanical force contact, van der Waals forces, chemical bonds, magnetic 
forces or electrostatic forces. Depending on these forces, an AFM can operate in 
different imaging modes and yield different information about the specimen, from 
its conductivity to chemical bond strength of the surface of the sample. 
In this work, the first one was utilised, known as contact mode. The AFM 
operation under this mode consists of rastering the cantilever over the specimen. Tip 
interactions with features on the specimen surface will induce a force on the 
cantilever, deflecting it, which is registered by a laser-based detector and translated 
into a spatial map. More commonly though, the cantilever is locked in a specific 
position thanks to the piezoelectric controller in such a way that any deflection 
produced in the cantilever by the specimen during rastering is counteracted by a 
corresponding applied potential on the piezoelectric controller. Accordingly, the 
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potentials applied during the contact mode scanning are used to build the spatial 
map of the specimen. Other imaging modes such as tapping or non-contact mode 
exist and are discussed in more detail in the topical review of Jalili211. Schematics of  
the working principle of contact and tapping mode AFM are provided in Figure 4.4.  
In tapping mode, the cantilever is forced to oscillate at its resonant frequency, 
which means that, in principle, the amplitude of the oscillations would be constant. 
However, when the tip of the cantilever is situated in proximity with the specimen 
analysed, it is likely that there will be an attraction force, be it Van der Waals or 
electrostatic forces, for example, that will induce a change in the amplitude of the 
oscillations of the cantilever. As this amplitude is to be kept constant, the 
piezoelectric components of the AMF will consequently react, varying the height of 
the cantilever to ensure a constant amplitude of the oscillation.  
If the AFM scan is done in air, a liquid meniscus will form between the 
cantilever and the specimen as a result of the humidity of the air. It is because of this 
liquid meniscus that the tapping mode is necessary in air, as opposed to contact 
mode. The reason behind this is that, if the AFM is operated in contact mode in air, 
the liquid meniscus layer will considerably hinder the free movement of the 
cantilever and, thus, it will be remarkably more difficult to obtain a precise mapping 
 
Figure 4.4. Schematic of the working principle of a) contact mode and b) tapping mode of an atomic 
force microscope. 
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of the surface. Under inert atmosphere however, the viability of this contact mode is 
feasible. 
The most critical part of an AFM is the cantilever and its tip, which form the 
probe of the microscope. The tip of the cantilever is sharpened until it reaches almost 
atomic sharpness, meaning that the tip is formed by a single atom, as this sharpness 
will determine the resolution of the imaging. Tips may need to be re-sharpened or 
changed after several uses to ensure consistent high-quality imaging. The cantilever 
has to be properly maintained and calibrated to ensure that the spring constant does 
not drastically change, so consistent measurements can be achieved. Different tips 
and cantilevers are required for the different applications described before and more 
information on this topic can be found in the work of Haugstad212. 
The AFM system used in this work was a Veeco Nanoman II AFM system in 
tapping mode, in the Department of Engineering of Durham University. The 
microscope is placed on a platform to increase the signal-to-noise ratio by reducing 
external vibration. Moreover, the whole system can be fully covered to remove any 
external noise or vibration source. The stage is controlled by two sets of piezomotors 
that ensure precise movement and includes a vacuum chuck to lock the specimen in 
place. The microscope is placed on a z-axis stage used to approach the microscope 
to the specimen stage. The microscope itself contains the cantilever and tip at its 
bottom end, with motion controlled by a piezoelectric component. Inside the 
microscope, there is an optical camera to view the surface of the specimen that is 
being scanned and the laser detector. This laser can be repositioned using the two 
indicated knobs in Figure 4.5 so that it can be precisely placed on the cantilever to 
accurately determine the deflections to be matched by the piezoelectric controller 
during contact mode measurements. The microscope is then connected to an 
electronic control box and the computer and is controlled by dedicated software. 
Figure 4.5 shows a labelled photograph of the AFM system used in this work. 
In a typical contact mode AFM experiment, the specimen is placed on top of 
the vacuum chuck of the stage to lock it in position. Then, the stage is moved in 
position, placing the cantilever and tip precisely on the region to be measured. To 
better determine the region to be measured, the optical camera on the microscope 
is used to observe any possible debris or dirt on the specimen that could yield an  




Figure 4.5. Labelled schematic of the Veeco atomic force microscopy system used in this work. 
inaccurate signal during the rastering. After ensuring that the cantilever is properly 
calibrated, the microscope is moved through its z-axis stage close to the specimen. 
Then, the engage procedure is started in the software of the AFM. The engage 
procedure slowly approaches the tip and cantilever to the surface of the specimen 
until contact is achieved. This only works if the initial distance between tip and 
specimen is below 200 µm; otherwise, the process will stop after going down the 200 
µm and the tip will have to be disengaged through the software. It is critical to follow 
the engage procedure safely or the tip and cantilever could be crashed against the 
specimen and irreparably broken. Once the engage process is successful, the 
experiment will start. Several process parameters can be tuned to achieve the 
desired spatial maps: 
• The size of the region to be scanned. In this work, typical scan sizes ranged 
from 500x500 nm to 10x10 µm. Different scan sizes are used to resolve 
different properties of the specimens, with the smaller scans (500 nm x 500 
nm) being used to determine the average size of the ZnO crystallites (few tens 
of nanometres) and the larger ones (10 µm x 10 µm) allowing the study of 
long-range homogeneity of the specimen texture and surface morphology.  
• The proportional gain and integral part of the piezoelectric controller can be 
tuned to adjust the response of the cantilever to the surface features of the 
specimen. Depending on the values for these parameters, the resolution of 
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the image and the rastering speed will both change so they have to be finely 
tuned to ensure adequate imaging. 
• The base bias applied to the cantilever (0.4 V in this work), which controls the 
scanning speed of the microscope. When a smaller bias is applied, scanning 
will be at a lower speed, providing higher resolution at the cost of an 
increased processing time. 
4.7.2 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a type of electron microscopy based on 
scanning the surface of the specimen with a focused electron beam to generate 
images. The electron beam interacts with the atoms in the specimen in different 
ways, resulting in various types of signals such as secondary electrons (SE), used for 
imaging, back-scattered electrons (BSE), used for imaging with atomic number 
contrast, or the generation of characteristic x-rays, used for elemental identification 
and chemical mapping. 
To generate the electron beam, an SEM can have different types of sources such 
as a tungsten filament, a thermionic LaB6 emission gun or a field emission gun (FEG). 
These electron sources are characterized by a set of parameters that sets the 
resolution and quality of the imaging and analysis that can be done with the 
microscope213, among which the source size and brightness are the most important: 
• The source brightness is a measure of the beam current per unit area and 
solid angle. Thus, the higher the brightness is, the higher the electron count 
per unit area, which translates in a higher signal and, hence, better signal to 
noise, providing higher quality imaging. 
• The source size represents the size of the electron beam as it leaves the 
source. As such, the smaller this size is, the better the resolution. If the probe 
is on the nanometre scale, then the imaging done will be on that scale, 
meaning that the source size is desired to be as small as possible to be able 
to resolve nanometric features on the specimen. In this regard and by the 
nature of the physics involved in the electron beam generation, FEG sources 
provide the smallest source size, along with the highest brightness, meaning 
that the achievable resolution with these types of sources is the best possible. 
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Once the beam is generated, it is attenuated and filtered to create a 
monochromatic beam which propagates through a set of magnetic condenser and 
objective lenses that will focus the beam to a spot of a specific size, mostly 
determined by the source, that acts as the probe of the microscope. As with any 
microscope, the specimen has to be adjusted to the adequate focal length and the 
lenses have to be calibrated and corrected to ensure minimum astigmatism effects 
and that the objects in the specimen plane are in the focal plane as well. Following 
these principles, an SEM image can be obtained. A schematic of a simple SEM is 
column is depicted in Figure 4.6. 
SE are the main basis for any SEM and these are the ones utilised to generate 
the images. They are called secondary because they are generated from a material 
that is excited by the primary high energy source electrons. Due to their very low 
energies, typically below 50 eV, their mean free path in solid matter is limited, 
meaning than in an SEM, the SE will only be generated from the first few nanometres 
of the specimen. Nonetheless, the release of these SE is highly localized upon 
excitation, meaning that by precisely collecting the SE generated after excitation with 
the electron beam, a spatial map can be reconstructed with resolution up to 1 nm.  




Figure 4.6. Schematic representation of a scanning electron microscope column, including the 
electron beam source and the different lenses. 
Depending on the generated number of these SE in the specimen, a grey-scale 
mapping of the SE intensity is built, generating an image of the specimen surface. 
One crucial characteristic to consider is the electrical conductivity of the specimen. 
When the electron beam is scanning the specimen, primary electrons will be trapped 
in the specimen. Depending on its electrical conductivity, the specimen may become 
charged by the build-up of these electrons in the region that the beam is scanning. 
This charging effect can lead to permanent damage in the specimen and difficulty 
during imaging, impeding the formation of an adequately resolved image. In the case 
of ZnO NWs, the charge effect is mostly present for the smaller NWs (<200 nm in 
diameter and <25 nm in diameter) as their dimensions are not large enough to avoid 
electron build-up. To prevent this from happening, the specimens that required so 
were coated with carbon to provide a conductive layer that was transparent to the 
electron beam and would enable charge dissipation, allowing a better overall 
imaging.  
 The NW diameter and NW density, with the latter being understood as the 
number of NWs per unit area, were obtained from SEM imaging. For this, the free 
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software ImageJ was used for the required image processing. For each sample, 3-5 
SEM images were taken at the same magnification. These images were then 
partitioned into sixteen equal sections and the diameter of the NWs in each section 
was measured. This diameter was measured as the distance between two opposite 
vertices on the hexagon on the tip of the NWs. The average diameter and size 
distribution of the NWs were thus obtained from these images, with at least 300 NWs 
measured per sample. To determine the NW density, the total number of NWs 
measured was divided by the size of the images and subsequently normalized to give 
the number of NWs per square micron (#/µ2 or µ-2). A conversion between pixels and 
nanometres was calculated to measure the size of the image. The SEM image scale 
was measured and the number of pixels obtained correlated to provide a pixel/nm 
relationship, subsequently exploited to calculate the size of the image in nm2. 
The SEM used in this work was a FEI Helios Nanolab 600 equipped with a FEG 
electron source, in the Department of Physics of Durham University. Typical 
operation for the specimens discussed in this work involve a working distance of 4 
mm from the final lens aperture, with applied electron acceleration voltages ranging 
from 3 kV to 15 kV and electron beam currents between 21 pA to 0.34 nA, depending 
on the type of specimen and its substrate. The specimens were mounted on 
aluminium stubs using either conductive carbon adhesive disks or silver paint. The 
former is the simplest alternative, although the latter yields better results as it 
increases the stability of the specimen and the electron conduction from the sample, 
both critical when imaging at high magnification (>x150000). For routine and non-
demanding imaging, carbon disks were used; otherwise, the specimens were 
mounted using silver paint. Figure 4.7 shows a photograph on four samples mounted 
on an SEM stub using silver paint. 
4.7.3 Transmission electron microscopy 
Transmission electron microscopy (TEM) is a type of electron microscopy in which an 
electron beam is transmitted through a specimen to form an image. As the imaging 
principle is based on the transmission of an electron beam, only thin specimens of up 
to 300 nm can be imaged. The electron source for a TEM is a FEG typically. The 
monochromatic electron beam is focused in a small, coherent beam by the  




Figure 4.7. Photographs of different nanowire samples mounted on an SEM aluminium using silver 
paint, indicated by red lines. 
condenser magnetic lenses before it probes the specimen. As the beam hits the 
specimen, parts of it will be transmitted depending on the thickness and electron 
transparency of the specimen, which are then focused by the objective lens onto 
either a phosphorus screen (used for standard operation) or an imaging system 
below, typically a charge-coupled device (CCD) camera, used to capture the images. 
In contrast to SEM, in TEM the whole specimen is imaged at the same time, instead 
of the different regions being scanned over time. The images generated are greyscale 
of intensities that depend upon the number of electrons transmitted through the 
specimen at each location. As such, darker regions have a lower electron 
transparency, which is correlated with higher density.  
Thanks to the condenser lenses and other apertures that can be introduced in 
the column to block high-angle electrons, the electron beam probe is so small that 
the resolution achievable in a TEM is on the atomic scale. This enables the imaging 
of the atomic structure of nanomaterials by using high-resolution TEM (HRTEM). 
HRTEM uses both the transmitted and the scattered electrons to create an 
interference image which provides the phase contrast required to achieve atomic 
resolution. This technique is used throughout this work to understand the crystalline 
structure of the as-grown ZnO NWs and the different functionalizations used. A 
complementary technique to the structural characterization of HRTEM is selected-
area electron diffraction (SAED). This is based on the diffraction of electrons from the 
electron beam incident upon the ordered atoms of the specimen. These atoms act 
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as a diffraction grating, meaning that each of the spots obtained from SAED forms a 
pattern that provides valuable insight on the crystalline structure of the specimen. 
One of the main applications of SAED is determining the space group of the 
crystalline specimen along with any possible defects. HRTEM and SAED are only 
possible when the specimen has been placed in a zone axis, which, in a crystalline 
material, is a high-symmetry orientation that typically refers to one of the directions 
of the crystalline lattice.  
Another type of TEM analysis utilised in this work is based on scanning TEM 
(STEM). This TEM mode is based on focusing the beam to a fine spot below 
nanometric scale and then using a set of scanning coils to raster the beam across the 
specimen akin to the work principle of an SEM. The STEM images are formed by the 
electrons transmitted through the sample, but focused by the objective lens and 
recorded in the CCD camera. STEM is used as a simultaneous analytic and imaging 
tool thanks to the variety of detectors that are used during the scanning of the 
electron beam. Figure 4.8 includes an image for the different TEM imaging modes 
here described. 
• A high-angle annular dark field detector is an annular detector placed outside 
of the path of the transmitted electron beam used for forward-scattered 
electrons. These scattered electrons contain information related to the  
 
Figure 4.8. a) Typical TEM image of decorated ZnO NWs, b) selected area electron diffraction pattern 
from the same NWs, c) bright field and d) dark field image obtained for the same ZnO NW.  
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atomic number (Z) of the specimen as the energy related to the scattering 
process is different for each element, which means that dark field imaging in 
STEM mode provides Z-contrast images. 
• A bright field detector situated directly in the path of the transmitted electron 
beam. Bright field imaging is complementary to dark field imaging and, 
typically, both images are produced at the same time. 
• An electron or x-ray detector used for elemental chemical mapping. 
Depending on the signal used as probe (electrons or x-rays), two different 
elemental mapping techniques can be used (electron energy loss 
spectroscopy, EELS, or energy-dispersive x-ray spectroscopy, EDX). In this 
work, only EDX was used and details on this technique will be discussed later 
in this chapter. Both techniques provide elemental chemical mapping at high 
magnifications and resolution, which is particularly useful for core-shell and 
functionalized structures. 
The TEM used in this work is a JEOL 2100 F FEG, with an electron acceleration 
voltage of 200 kV, in the Department of Physics of Durham University. This system 
includes a CCD camera as the imaging component and dark field, bright field, EDX 
and EELS detectors. The strict specimen size requirement imposed by TEM meant 
that the as-grown NWs could not be used directly. Instead, they were transferred 
to a 300 Mesh Cu holey carbon grid, from Agar Scientific. For this, a droplet of IPA 
was cast on the as-grown NWs, which were then carefully scraped off the substrate 
using a scalpel blade. Subsequently, the carbon grid was dipped in the IPA 
containing NWs to wet transfer them onto the grid. After drying in air conditions 
for 10 minutes, the sample was mounted on the TEM holder. For adequate imaging 
of the ZnO NWs, a double-tilt holder was utilised in order to position the NWs in 
such a way that their zone axis was parallel to the incoming electron beam. A zone 
axis is, in short, a set of lattice planes that are parallel to the same crystallographic 
direction. Tilting the stage is required to ensure that the NW being imaged is in the 
zone axis. 
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4.8 X-ray techniques 
Two techniques based on x-rays were utilised to better understand the 
morphological properties of the seed layers and the NWs, complementing the studies 
carried out with the techniques described in the previous section. The two 
techniques are x-ray diffraction (XRD) and x-ray reflectivity (XRR). The former was 
used both on the seed layers and NWs to investigate the crystal structure of the 
material while the latter was only used on the seed layers to correlate their 
morphological and structural properties to those obtained by AFM. 
4.8.1 X-ray diffraction 
X-ray diffraction is based on an impinging x-ray radiation on a specimen214. The x-rays 
collide with the electrons in the specimen, causing constructive and destructive wave 
interference as a result of the atomic arrangement of the specimen. The emission of 
this scattered (or diffracted) waves is as x-ray diffraction215. The theoretical basis for 
XRD stems from Bragg’s law of diffraction. Assuming that the incident X-ray radiation 
is a plane wave of wavelength λ, it will be scattered by the lattice planes of the 
specimen arranged at a set interplanar distance dh,k,l. As explained before, this wave 
scattering can be destructive or constructive. The scattering will only be constructive 
if the scattered waves are in phase since the difference in their path lengths is 
proportional to a positive integer n. Under these conditions, the scattered radiation 
will undergo constructive interference at a Bragg angle θ. This interference effect is 
mathematically described by Bragg’s law and represented in Figure 4.9, 
 2𝑑ℎ,𝑘,𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 [Eq. 4.3] 




√ℎ2 + 𝑘2 + 𝑙2
 [Eq. 4.4] 
with a0 being the lattice parameter for the crystalline direction (h k l). An x-ray 
diffractometer measures the intensity of the constructive interferences of scattered 
waves described by Bragg’s law as a function of the scattering angle. This way, strong 
intensities will generate Bragg peaks at the points where the scattering angle satisfies 
Bragg’s conditions, which in crystalline materials corresponds to the diffractions 
peaks of the different crystal planes of the lattice. XRD thus offers the possibility of  




Figure 4.9. Schematic of Bragg’s law represented accordingly with the mathematical representation 
of Equation 4.4.  
obtaining the crystalline structure of a crystal and its lattice parameters by analysing 
the respective peaks in the XRD spectrum following Eq. 4.4. 
XRD also allows the estimation of the nanometric crystallite size of any 
crystalline material by relating this size to the broadening of a peak in a diffraction 




𝛽 · cos 𝜃
 [Eq. 4.5] 
where τ is the mean size of the crystallite (surface features of the seed layer in this 
work), Κ is a dimensionless shape factor, typically valued around 0.9, λ is the 
wavelength of the impinging x-ray radiation, β is the line broadening at half the 
maximum intensity (also known as the full width at half maximum) and θ is the Bragg 
angle. This relation is limited to nano-scale crystallites. 
In this work, XRD was utilised on both the seed layers and the as-grown NWs. 
As detailed in Chapter 3, the ideal ZnO NW growth took place when the dominant 
crystalline orientation of the seed layer was (0 0 2). Thus, XRD was used to study the 
crystalline orientation of different seed layers and how that influenced the NWs 
growth, as detailed in Chapter 5.2 and 5.5. The crystalline orientation of the NWs was 
determined by XRD as well, in order to correlate these results with those obtained 
from SAED analyses. Crystallite sizes for ALD-deposited seed layers were estimated 
by Scherrer’s equation (Eq. 4.5). However, the functionalization of the NWs with MOF 
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or Ir could not be studied with this technique as the size of the functionalizing 
nanomaterials was insufficient for a measurable signal to noise ratio within a 
reasonable experimental time.  
The XRD experiments were carried out in a Bruker D8 Venture, equipped with 
High intensity Mo/Cu Dual IμS2 sources, in the Department of Chemistry of Durham 
University. To ensure the best sample alignment and signal acquisition, 2 cm x 2 cm 
samples were prepared for easier manipulation. The samples were laid flat on the x-
ray sample holder and the automated measuring process was started. Since the 
significant peaks for ZnO are situated below 50° with Cu x-rays, a typical XRD analysis 
was carried out between 10° and 50° at a rate of 0.05° per second.  
4.8.2 X-ray reflectivity 
X-ray reflectivity (XRR) is a technique based on the reflection of an x-ray beam 
incident at grazing angle 𝜃 onto the specimen. Initially, the x-rays are incident on a 
flat specimen at an angle smaller than the critical angle 𝜃𝑐  such that the incident 
radiation undergoes total external reflection. For higher angles, part of the incident 
radiation will either propagate (𝜃 = 𝜃𝑐) or be refracted (𝜃 > 𝜃𝑐) inside the specimen. 
This critical angle depends on the electron density of the specimen. The reflected x-
rays are collected by a detector in which information regarding their intensity and 
the incident angle is processed. In an ideal case of a perfectly smooth and flat surface, 
the reflected x-rays will be a specular image of the impinging x-rays (total reflection), 
meaning that both beams will have exactly the same incidence angle216. However, in 
reality, the surface of the specimen will not be smooth and flat and the reflected x-
rays will have angles and intensity that deviates from the original impinging beam 
following Fresnel’s law of reflectivity. For more information on the physical principles 
of reflectivity please refer to the detailed study of Mack217. A schematic of the 
working mechanism of XRR is presented in Figure 4.10. By studying the deviations in 
intensity of the reflected x-ray beam, XRR gives information about the surface and 
structural characteristics of the specimen, enabling the study of properties such as 
density, surface roughness and thickness. Moreover, if the specimen is formed of 
layers of different materials, XRR can provide valuable information on the thickness 
of the different layers, their interfaces, interface roughness and the density of the  




Figure 4.10. Schematic of the working mechanism of x-ray reflectivity, including the influence of the 
angle of the incident radiation in the outcome when compared with the critical angle.  
different layers. This information is provided by the interference of the x-rays  
reflected from the top and lower interfaces, which are dependent on the angle. This 
interference gives rise to Kiessig fringes and it is the study of the spacing and 
periodicity of these fringes that provides the vital information about the different 
layers of a multi-layer system. 
After XRR measurements, the data is fitted to a simulated model of the 
specimen’s material. This is an iterative modelling process in which a set of control 
parameters (roughness, thickness, electron density, interfacial roughness) are 
implemented in order to obtain a converging model, within a constraining error. For 
single layer films, this modelling is typically straightforward as, at most, the specimen 
will contain the target material and its oxidized form. However, when it comes to 
multi-layered materials, the modelling becomes complicated due to the different 
possible interfaces that can form. To ease the iterative curve fitting, certain known 
values such as the layer thicknesses or their densities can be fixed to reduce the 
computational load. One of the most popular software packages used for the fitting 
of XRR measurements is an open-source program implemented in Python called 
GenX. This software was used here for the fitting of the XRR results obtained in this 
work. 
 In this work, XRR was utilised to analyse the structural properties of the ZnO 
seed layers deposited by ALD on silicon substrates. The system used was a Bede D1 
high-resolution x-ray diffractometer using a monochromated Cu Kα1 radiation 
(1.5406 Å), in the Department of Physics of Durham University. Owing to the 
previously described high tunability degree of ALD, it is possible to control the density 
and roughness of the seed layers, which in turn can affect the NW growth, as further 
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detailed in Chapter 5. For this, 1 cm x 1 cm samples were placed on the disk-like stage 
of the XRR system using Kapton double-sided tape from RS Components. The samples 
were mounted completely flat to ensure a successful reflectivity measurement. After 
mounting the samples, an in-house script developed in Python was used to automate 
the alignment and measuring procedures of the XRR system. To fit the results, a 
single ZnO layer was considered, with its thickness, density and roughness being 
determined in the fitting process. The last two were the main target of the XRR 
studies as the influence of these parameters over the NW growth can be significant. 
4.9 Spectroscopic chemical composition studies 
The chemical composition of the NWs and functionalized materials was studied 
through two different spectroscopic techniques, namely x-ray photoelectron 
spectroscopy (XPS) and EDX. XPS was used on the seed layers and the NWs to 
understand their chemical composition and, in particular, the Zn:O ratio, which was 
of particular importance for the ALD deposited seed layers. EDX was mainly used for 
the functionalised ZnO NWs. In the TEM, EDX was used to map the ZIF-8 shell and the 
iridium content on both functionalized samples as well as the spatial distribution of 
the key elements of each of these functionalizations. 
4.9.1 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy is an analytic technique based on the photoelectric 
effect. In short, when a specimen is illuminated with electromagnetic radiation (x-
rays in this case) it will absorb the energy from the excitation. If this energy is higher 
than that of the binding energy of an electron in the specimen atoms, then said 
electron will be ejected from the material218. The interaction between the x-rays and 
the electrons in the atoms is binary in the sense that either the energy of the 
incoming excitation is higher or lower than the binding energy of the electron. If it is 
higher, the electron will be emitted as a result; if it is lower, the energy will be re-
emitted. For emitted photoelectrons, the remaining energy from the illumination will 
contribute to the kinetic energy of the electron. A more formal description of the 
photoelectric effect can be found in Einstein’s work219. A schematic of a typical XPS 
experimental setup being depicted in Figure 4.11. XPS takes advantage of the 
photoelectric effect by using a monochromatic x-ray beam as illumination and  




Figure 4.11. Schematic of an x-ray photoelectron spectrometer experiment in which an electron beam 
generates the x-rays that will probe the specimen, emitting the characteristic photoelectrons. 
detectors for the kinetic energy of the electrons and for the total number of electrons  
per unit area220. As the binding energy of the electrons is characteristic of each 
element, the kinetic energy that is measured will correspond to specific elements. 
Thus, an XPS measurement consists in a correlation of the total number of electrons 
measured at an energy value. Moreover, the binding energies are characteristic of 
the different atomic orbitals, meaning that, in the analysed energy spectra, the 
contribution of different orbitals can be obtained. This means that XPS is a fingerprint 
technique that is utilised to accurately determine the chemical environment of a 
specimen. The main drawbacks of XPS are that the electrons are ejected by 
photoelectric effect only in the first 10 nm of the specimen.  
In this work, XPS was used to study the chemical environment of ZIF-8 
functionalized, Co-doped ZnO NWs (Chapter 7.3.3). For this, 1 cm x 1 cm samples 
were prepared and mounted on the sample holder. The XPS system used was an 
Omicron DAR 400 x-ray source using an Mg anode and an Omicron EA 125 
hemispherical analyser, in the Université Clermont Auvergne, in France. For the NWs, 
the Zn 2p, O 1s, N 1s and Co 2p peaks were the focus of the analyses. A typical 
comparative spectrum is provided in Figure 4.12. Once the survey spectrum and the 
respective peak spectra were obtained, the curves were de-convoluted into their 
respective components using the CasaXPS software. More information on the  
 




Figure 4.12. Example of comparative x-ray photoelectron spectrometer spectra of Zn 2p for different 
ZnO seed layers. 
different deconvolutions and their contributions are provided in the corresponding 
chapters. 
4.9.2 Energy-dispersive x-ray spectroscopy 
Energy-dispersive x-ray spectroscopy (EDX) is an analytical technique used to 
determine the chemical composition and elemental characterization of a specimen. 
EDX is based on collecting the x-rays generated from the specimen after an electron 
beam strikes the surface221. The physical principle of this x-ray generation is based 
on the interaction between electrons from the beam and those in the specimen. In 
short, SE generated by the primary electron beam will create holes as they are 
ejected from the electron shell of the atoms. These holes can be subsequently filled 
by higher energy electrons from higher energy levels. In order to achieve energetical 
equilibrium, as these electrons occupy the vacant holes, the excess energy is released 
in the form of x-rays. The energy of these x-rays is characteristic of the orbital 
transitions and hence specific to every transition as it is based on a quantitative 
difference related to the atomic structure of the emitting element. As such, an EDX 
spectrum will consist of the number and energy of these x-rays that will yield a plot 
in which the total counts and the specific positions for each analysed element will be 
shown. Another possibility is obtaining a map of these intensities, overlapped with 
electron microscope image as shown in Figure 4.13. In this way, it is possible to obtain  




Figure 4.13. Energy-dispersive x-ray spectroscopy map of the tip of an iridium decorated ZnO NW, 
showing the distribution of the three elements analysed.  
an approximation of the concentration of an element and its spatial distribution in 
the studied region. 
EDX was used in this work for two main purposes, as detailed earlier: to study 
the ZIF-8 shells and to analyse the ZIF-8 and iridium surface functionalized ZnO NWs. 
These EDX analyses were carried out in the previously described TEM using an Oxford 
INCAx-sight Si (Li) detector with 50 mm2 area detector at a 25° take off angle. To 
obtain the elemental mapping, it was necessary to operate the microscope in STEM 
mode as the EDX analysis is carried out by scanning the electron beam on the studied 
region of the sample and analysing the emitted x-rays as described previously. Hence, 
the EDX elemental map is typically superimposed on the electron image obtained 
from the bright field detector in STEM mode. Therefore, for these experiments, the 
samples were prepared as detailed previously. Taking advantage of the STEM/EDX 
coupling capabilities, chemical mapping of these samples was carried out to 
understand the elemental distribution of the functionalizing materials along and 
across the NWs. 
4.10 Optical spectroscopic studies 
The optical properties of undoped, doped and functionalized NWs were investigated 
using four different spectroscopic methods: UV-visible spectroscopy (UV-vis), fast-
transient absorption spectroscopy (FTAS), photoluminescence spectroscopy (PL), 
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and cathodoluminescence spectroscopy. The focus of these analyses was to study 
the influence that cobalt and copper doping and the MOF functionalization have on 
the overall light absorption, bandgap, electronic band structure and defect density 
of the NWs. These properties of the NWs are key to the functional behaviour, as will 
be discussed in Chapter 8, for light-based applications like photoelectrochemical 
water splitting. The range of wavelengths between the near ultraviolet (UV) and the 
visible region of the electromagnetic spectrum (from 300 nm to 750 nm) are 
considered significant in this work and, thus, any discussion about the working 
principle of any of these techniques is focused on that energy range. 
4.10.1 Ultraviolet-visible spectroscopy 
Ultraviolet-visible spectroscopy (UV-vis) is an analytic technique based on the 
capability of a material to absorb or transmit light. For a semiconductor material in 
its stable, non-excited, ideal state, the valence band will be full of carriers while the 
conduction band will be empty, as discussed in Chapter 2.2.5. However, different 
forms of excitation can promote electrons from the valence to the conduction band. 
In the case of UV-vis, a monochromated white light is used as the excitation 
source222. When light is radiated on a semiconducting specimen, the incoming 
photons can either be absorbed or transmitted by the electrons of the specimen. If a 
photon is absorbed by an electron, it will be excited (in a process known as 
photoexcitation) from the valence to the conduction band thanks to the energy from 
the impinging photon; otherwise, the photon will be transmitted through the 
material. For this absorption to take place, as detailed in Chapter 2.2.5, the energy of 
the incoming photon has to be higher than that of the bandgap of the semiconductor, 
meaning that the energy of the photon has to be high enough to overcome the gap 
between valence and conduction band. The working principle of UV-vis consists of 
measuring the amount of photons transmitted or absorbed, depending on the 
operation mode, through the specimen compared to a blank substrate. For this, in a 
UV-vis experiment, white light is passed through a monochromator to obtain 
photons of single energy. Then, an energy sweep is performed from lower to higher 
values (in this work from 1.65 eV to 4.1 eV, which corresponds to the 750 nm to 300 
nm range) and the amount of photons transmitted through the sample to a 
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photodetector is measured. The intensity of photons measured will correlate with 
the amount of absorbed photons in the specimen. This provides a spectrum 
correlating energy level with the amount of photons absorbed at each level, yielding 
valuable information on how much light can a material absorb and where in the 
visible and near-UV spectrum it is located. Additionally, UV-vis experiments allow the 
measurement of the bandgap of a material by analysing the band-edge absorption. 
For a more detailed and formal review on absorption of light in solids, please refer to 
the work of Fox223. An example of a comparative UV-vis spectrum obtained for 
different ZnO NWs is shown in Figure 4.14. 
 UV-vis was used in this work as a control and a qualitative analytical tool to 
assess the light absorption properties of the undoped, doped and functionalized 
NWs. Undoped ZnO NWs were taken as a benchmark, with their absorption spectrum 
serving as a reference point to compare the effect that different dopants and 
functionalizations have on the optical absorption and the bandgap of the NWs. The 
UV-vis experiments were carried out using a Shimadzu UV-1800 spectrophotometer 
in absorption mode, in the energy range between 300 nm and 750 nm, in the 
Department of Engineering of Durham University. All the samples were prepared on 
ITO/glass substrates as detailed earlier. Before the measurements were carried out, 
the baseline for the experiments was established using a blank ITO substrate.  
 
Figure 4.14. Examples of typical ultraviolet-visible spectrum obtained for different ZnO NW samples, 
showing the measurement range used for these experiments. As expected, the absorption of the ZnO 
is maximum in the ultraviolet region.  
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The UV-vis measurements were performed using a two-slit configuration in which a 
blank ITO substrate and the target sample were measured simultaneously, with the 
resulting absorption spectrum presented as the difference in absorbed photons 
between both slits. 
4.10.2 Fast transient absorption spectroscopy 
Fast transient absorption spectroscopy (FTAS) is an analytic optical spectroscopy 
used to probe the carrier dynamics of the NWs, based on the measurement of the 
change in the absorption/transmission of light on a sample. FTAS is based on a pump-
probe mechanism to excite and analyse the electronic state of the charge carriers. In 
a typical FTAS experiment, a specimen in equilibrium is excited by a strong pump 
pulse, the energy of the pump is chosen according to the system under study. Upon 
pump excitation the carriers are excited from the valence band to the conduction 
band. This photoexcited sample is then probed by a weaker probe pulse at different 
time delays from the pump excitation. In this experiment we have used a white light 
supercontinuum generated in a CaF2 crystal as the probe. This allows one to study 
the time evolution of the photoexcited carriers over a range of probe energy from 
UV-Vis to the near-infrared. Subsequently, a differential spectrum is calculated by 
comparing the results obtained in the pump-probe experiment with the ground state 
of the sample, i.e., the result obtained from probing the specimen while in 
equilibrium state, with no external excitation224.  
During the measurement, the pump and the probe are focused on the same 
spot on the sample. The pump is chopped off at a reference frequency with a 
controlled time delay after pump pulse. The pump and probe are focused on the 
same spot of the sample and the probe transmitted through the sample is detected 
by a CCD and analysed in a spectrometer. In fast transient absorption spectroscopy, 
the differential absorption (∆A) of the sample is measured in transmission mode, i.e. 
by measuring the energy of the probe transmitted through the sample. The 
absorbance of the sample, A is defined in terms of its transmittance, T as 
𝐴 = − log(𝑇)     [Eq. 4.6] 
Hence ∆A is defined as the difference in absorbance with and without the pump 
excitation. 
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Δ𝐴 = 𝐴𝑃 − 𝐴0     [Eq. 4.7] 
where, Ap is the absorption with pump and A0 is absorption without pump excitation. 
Therefore,  
Δ𝐴 =  log (
𝑇0
𝑇𝑃
)     [Eq. 4.8] 
where T0 is the transmittance of probe pulse without pump excitation and TP is the 
time-dependent transmittance with pump excitation. This ΔA is thus obtained as a 
function of the time delay between the pump and the probe as well as of probe 
energy. For ZnO, energy of the probe used is in the visible part of the spectral region. 
The ΔA signal corresponding to the bandgap is negative, referred to as ground state 
bleaching or absorption bleaching due to photoexcitation of the carriers from the 
valence band to the conduction band by the pump, leading to a depletion of carrier 
population in the valence band. Therefore, the absorption of the probe by the excited 
sample is less than the absorption of the probe by the non-excited sample. 
It is thus possible to analyse the carrier dynamics of the specimen by measuring 
at different delay times between pump and probe. This provides information related 
to the bandgap, carrier lifetime or defect concentrations. The exhaustive works of 
Berera224 and Prasankumar225 provide a detailed overview of the technique physical 
basis, applications and shortcomings, which are not within the scope of this work. A 
typical false-colour map obtained from a FTAS measurement is provided in Figure 
4.15 for ZnO, in which the signal corresponding to the bandgap can be observed, 
centred at around 3.3 eV. To build this false colour map, an energy sweep was carried 
out at different time delays. Thus, a single energy sweep corresponds to a single time 
delay and, the false colour map was built by plotting all the energy sweeps together 
at their respective time delay. The energy in the x-axis of this figure corresponds to 
the absorption signal obtained from the pump-probe measurements and 
represented the portion of the UV-visible spectrum in which the ZnO NWs absorb 
photons. In the measurement itself, the data collected comes from the energy of the 
photons transmitted through the sample. However, as detailed earlier, the 
information collected is presented as a differential absorption as per Eq. 4.8. 
FTAS was used in this work to understand the charge dynamics of doped ZnO 
NWs and the ZIF-8 shells with the aim of providing a better understanding of the 
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processes taking place during light absorption and how these could affect the 
performance of NW-based optical devices. In addition, FTAS was used to correlate 
with the results obtained from UV-vis. As a pump for the FTAS experiments, the 
output of an Optical Parametric Amplifier was used; for the probe, the white light 
continuum generated in a femtosecond transient absorption spectrometer of IB 
Photonics (FemtoFrame II, IB Photonics) was used. The probe is generated by passing 
the small quantity of 800 nm into a rotating CaF2 crystal which produces a 
supercontinuum in the spectral range of 350 - 800 nm. The pump-probe response 
was studied in the visible and near-UV region of the electromagnetic spectrum. The 
energy of the pump was 275 nm (4.5 eV) with an excitation intensity of 260 μJ cm-2. 
The instrument response function was measured to be approximately 50 fs. The 
samples were prepared on ITO/glass substrates and used as-grown for the 
measurements. The FTAS experiments were carried out by Aswathi K. Sivan at the 
Istituto per la Microelettronica e i Microsistemi, Consiglio Nazionale delle Ricerche 
(CNR), in Rome, Italy. 
 
Figure 4.15. Two-dimensional colour map obtained in a fast-transient absorption spectroscopy 
measurement of ZnO NWs. The bandgap of ZnO is characterized with this technique, as seen in the 
absorption band at 3.3 eV. 
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4.10.3 Photoluminescence spectroscopy 
Photoluminescence spectroscopy (PL) is an analytical optical characterization 
method used to investigate the electronic structure of materials. The working 
mechanism is based on a laser beam impinging on a specimen. The photons of the 
laser beam will excite electrons in the specimen (photoexcitation) to a higher energy 
level. After a certain period of time, the excited electrons will relax, returning to their 
equilibrium state. This relaxation will include an excess of energy, which will be 
released in a process known as emission. The emission may take different forms, 
divided into non-radiative and radiative emission, in which the latter is the emission 
of photons in a process known as photoluminescence. The energy of the light emitted 
in the PL process depends on the energy difference between the excited and 
equilibrium states of the electron, with the quantity of light being related to the 
contribution of the radiative emission to the total emission. More information on the 
photoluminescence of semiconductors can be found in the topical review of 
Gilliland226. Taking advantage of the radiative emission, PL is used to analyse the 
electronic structure by measuring the light emitted by a specimen after excitation 
with a laser. Similarly to UV-vis, a white light continuum coming from a laser is passed 
through a monochromator to obtain single energy photons. An energy sweep is thus 
performed and the light emitted by the specimen is collected with a photodetector, 
obtaining a spectrum correlating light intensity or quantity with the energy level at 
which it was recorded. An example of typical PL spectra is provided in Figure 4.16. 
 PL was used in this work to study the electronic structure of undoped and 
doped ZnO NWs as a correlation technique to obtain a complete picture of the overall 
optical characteristics of the NWs. The excitation source used was the same as the 
pump used for the FTAS, with an excitation energy of 4.5 eV. All the measured NW 
samples were prepared on glass/ITO substrates and analysed as-grown. The PL 
experiments were carried out in the same institution as the FTAS measurements. 
4.10.4 Cathodoluminescence spectroscopy 
Cathodoluminescence spectroscopy (CL) is an analytical technique utilised to 
measure the optoelectronic properties of materials. CL is a technique based on the 
excitation of electrons from the conduction to the valence band of a material and  




Figure 4.16. Examples of typical photoluminescence spectroscopy measurement, showing the 
characteristic peaks of ZnO and the changes due to copper doping.  
their subsequent radiative recombination. However, the excitation source in CL is 
different from PL as it comes from an impinging electron beam. An electron beam 
interacting with a material produces the release of different signals (SE, BSE, x-rays), 
as described in Chapter 4.7.2. As such, a logical consequence of requiring an electron 
beam as the excitation source is the coupling of a CL system with an SEM. This 
provides a better analytical environment while, at the same time, allowing spatial 
resolution of the CL analysis. Due to this spatial resolution, CL can be utilised to 
analyse centres of illumination, study electronic properties and the electronic band 
structure of the material in question or study the concentration of defect-related 
emissions. It is also possible to obtain hyperspectral maps of the CL signal 
superimposed with an SEM image, which provides information on spatial and 
morphological distribution of electronic states. To extract the CL information, the CL-
SEM system is equipped with an optical system (such as a mirror) that captures the 
emitted photons, which are subsequently sorted by a monochromator and analysed. 
Therefore, by scanning individual points with the electron beam and analysing the 
released photons, the CL-SEM system can produce hyperspectral maps and spatially 
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resolved CL. There are two key parameters that control the resolution of this 
technique and penetration depth of the electron beam, namely the acceleration 
voltage and the current of the electron beam. For more information on CL, please 
refer to the work of Yacobi227. In this work, this technique was used to prove the 
emission of cobalt-doped ZnO NWs and study the spatial distribution of the related 
defect-band (see Chapter 6). For this, an Attolight Allalin CL-SEM system was used, 
with the measurements carried out at 5 keV and two temperatures, room 
temperature and 10 K. The experiments were carried out with the help of a laser 
system consisting of Ti: Sapphire oscillator and a regenerative amplifier giving an 
output of 4 mJ, 35 fs wide laser pulses at 800 nm with a repetition rate of 1 kHz. The 
major portion of the 4 mJ, 800 nm output of the amplifier passes through an optical 
parametric amplifier (OPA) with a tuneable output. An example of a hyperspectral CL 
map obtained at 10 K with this technique for Co-doped ZnO NWs is shown in Figure 
4.17. The CL measurements were carried out by Aswathi K. Sivan and Nicolas Tappy 
at the Interdisciplinary Centre for Electron Microscopy in the École Polytechnique 
Fédérale de Lausanne (EPFL), Switzerland. 
 
Figure 4.17. Example of a hyperspectral cathodoluminescence (CL) map obtained in a CL-scanning 
electron microscope coupled system, showing the spatial distribution of the emission of a cobalt-
doped ZnO nanowire in the bandgap region of ZnO. 
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4.11 Photoelectrochemical characterization 
Different doping and functionalization routes were studied in this work in an effort 
to obtain an enhanced optoelectronic functional performance of the ZnO NWs in 
photoelectrochemical (PEC) water splitting. The theoretical background for this 
application was provided in Chapter 2.4. Experimentally, the PEC characterization of 
the NW-based photoanodes is based on the use of a potentiostat, a three-electrode 
cell and an illumination source22.  
 In this work, a three-electrode cell strategy228 was implemented, in which a Pt 
electrode was used as the counter electrode (CE, photocathode), a Hg/HgO electrode 
was used as the reference electrode (RE) and the NW-based electrodes were used as 
the working electrode (WE, photoanode). These three electrodes are all submerged 
in the same electrolyte solution and all are connected to a potentiostat/galvanostat 
(PGSTAT), with the NW-based WE being directly illuminated by the light source. The 
light source used provided standard white light with an intensity of AM 1.5 G, as 
described in Chapter 2.4.2. Details on the working mechanism of the three-electrode  
setup were provided in Chapter 2.4, with a schematic of the PEC cell utilised in this 
work presented in Figure 4.18. It should be noted that the nitrogen gas flow shown 
in the schematic was only used in between experiments to ensure comparable 
experimental conditions. 
All the measurements carried out in this work were referred to the reversible 
hydrogen electrode (RHE), as described in Chapter 2.4.3. For the cyclic voltammetry 
measurements, a potential sweep between -0.4 V to 1.4 V (vs the RHE) was used, 
with a voltage step of 10 mV per second measured over two consecutive cycles. The 
amperometric I-t curves were measured at an applied potential of 1.4 V (vs the RHE), 
for 300 seconds, switching between on/off states every 15 seconds. The light 
chopping in this analysis was done manually, which induced some shifts in the 
resulting curves, although these did not affect the accuracy or the reliability of the 
measurements. For the incident photon to current efficiency (IPCE) measurements, 
1.4 V (vs the RHE) were applied and a wavelength sweep from 300 nm to 750 nm 
with a step of 5 nm every 10 seconds was used to study the efficiency at each 
wavelength. The 5 nm step was achieved by incorporating a monochromator at the  




Figure 4.18. Schematic of the three-electrode cell used in this work, with the three electrodes, 
nitrogen inlet and the connections between the electrodes. Nitrogen was only bubbled in between 
experiments to ensure comparable experimental conditions. 
output of the white light source. Electrochemical impedance spectroscopy (EIS) 
measurements were carried out at frequencies from 105 Hz to 0.1 Hz using an 
applied potential difference sweep between -0.5 V and -1.3 V (vs the RE). For all the 
measurements, a pH 13 aqueous electrolyte (KOH in water) was used.  
All the photoanodes were prepared on ITO/glass substrates. Before the NW 
growth, a 1 cm x 0.8 cm region of the substrate was covered in Kapton tape to 
prevent any NW growth on the ITO substrate, ensuring a good electric contact. After 
the NW growth, the Kapton tape was removed and the surface of the ITO was gently 
cleaned to remove any residual adhesive that could hinder the electric conduction of 
the ITO layer. This cleaning was done by rubbing the ITO with a cleanroom wipe and 
acetone (≥99.5% purity, from Merck) and subsequent blow drying under a nitrogen 
stream.  
 The potentiostat used in this work was an Autolab PGSTAT302N, with 
illumination for the WE coming from a LOT ORIEL solar simulator LS0106 equipped 
with a Xe arc lamp that generates an AM 1.5 G illumination using a power density of 
300 mW cm-2. For the IPCE measurements, a LOT Oriel MSH-300 monochromator 
was used. These measurements were carried out by Javier Hernández-Ferrer and the 
author at the Instituto de Carboquímica, Consejo Superior de Investigaciones 





In this chapter, all the experimental and characterization techniques used in this 
thesis were thoroughly described. At the beginning, the preparation of the different 
substrates prior to the seed layer deposition was described, with two different seed 
layer deposition techniques being specified. It progressed into the growth of the ZnO 
NWs through CBD and the integration of the different dopants and functionalizing 
materials, followed by the different types of microscopies (AFM, SEM and TEM) and 
x-ray based techniques (XRD and XRR) used to completely characterize the 
morphological and structural properties of the seed layers and as-grown NWs. The 
chemical environment of the seed layers and the NWs was studied using XPS and 
EDX. The optical characterization using UV-vis, FTAS and PL was covered to fully 
understand the light absorption capabilities of the as-grown NWs as well as their 
electronic structure, towards their photoelectrochemical applications. Finally, a brief 
description of the photoelectrochemical experiments carried out was provided. For 
all the techniques shown here, details of the specific systems, setups and 
experimental conditions were provided to ensure a good understanding of the 



























This chapter describes the results obtained from a detailed study of the controlled 
deposition of ZnO seed layers by two different techniques, atomic layer deposition 
(ALD) and sol-gel, and their influence in the subsequent growth of ZnO nanowires 
(NWs) by chemical bath deposition (CBD). First, the details of the seed layer 
deposition by ALD are provided, with special emphasis on the underpinning of the 
critical ALD parameters and their influence on the morphological and structural 
properties of the seed layer. This is followed by a detailed account of how their 
specific ALD parameters influence the CBD growth of ZnO NWs under a fixed set of 
NW growth conditions and why these seed layers are necessary for the controlled 
growth of ZnO NWs. A similar account of the sol-gel deposition of seed layers and 
their influence on the NW growth is provided in a comparative study to understand 
the different control parameters and properties of the as-grown NWs that depend 
on the seed layer deposition technique. Finally, different CBD conditions are 
described to understand how the dimensions of the NWs can be controlled during 
chemical growth for fixed seed layer deposition conditions. Morphological and 
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structural analyses of the seed layers are provided to correlate the different 
deposition conditions with their respective structural properties. The discussion in 
this chapter is supported by microscopic and statistical studies to provide a full 
understanding of the influence of the control parameters over the dimensions and 
growth orientations of the NWs and how these can be modulated.  
5.2 Influence of the controlled deposition of seed layers by 
ALD on the growth of ZnO nanowires 
Atomic layer deposition (ALD) offers a high degree of tunability owing to the 
multitude of parameters that control the deposition of the resulting ZnO seed layers. 
In particular, the temperature, number of ALD growth cycles and the pulse and purge 
times form the space parameter that was explored in this work. To understand the 
influence of the parameters, the roughness, texture and crystallite size229 of the seed 
layers were studied. These characteristics are then correlated with their influence on 
the chemical bath deposition (CBD) growth of ZnO nanowires (NWs) under a fixed 
set of conditions, which was 2 hours of growth time at 25 mM equimolar 
concentration of both reagents. The theoretical and experimental details of these 
two techniques were provided in Chapters 3 and 4, respectively. 
5.2.1 Influence of the seed layer deposition temperature 
Three different ALD temperatures, 200°C, 250°C and 280°C, were investigated to 
assess their influence on the NW growth. The samples studied under these conditions 
were named S1, S2 and S3, respectively. For comparison purposes, the number of 
ALD cycles was kept at 250 cycles and the pulse time for both precursors was 
maintained at 0.015 s. The purge times of both precursors were equal and were also 
reduced with increasing deposition temperatures to avoid excessive precursor 
desorption that would result in different seed layer deposition conditions. As such, 
these purge times were set at 20 s, 15 s and 5 s for 200°C, 250°C and 280°C, 
respectively.  
As demonstrated by the work of Pung230, temperatures above 200°C are 
expected to yield a predominant (0 0 2) orientation, which is the preferred 
crystallographic orientation for the growth of the ZnO NWs and, thus, the three 
temperatures were chosen following this idea, with 280°C being the maximum 




allowed temperature in the ALD system used. X-ray diffraction (XRD) measurements 
were performed on the seed layers at three different temperatures to investigate 
their preferred crystalline orientation, with the results shown in Figure 5.1. The 
spectra shown in Figure 5.1 clearly demonstrates that the preferred crystalline 
orientation for these three seed layers was the (0 0 2), which is indicated by the 
characteristic peak of the wurtzite crystalline structure at around 34.5°. The seed 
layer deposited at 200°C also shows a small (1 0 1) contribution, centered around 
36.5°. As the temperature was increased to 250°C, this contribution was reduced and 
it was no longer present at 280°C. This confirms that the seed layers deposited at 
temperatures of or above 200°C have the required crystalline orientation that is 
beneficial for the CBD growth of NWs. The sample at 250°C also showed a slight 
deviation of the position of the (0 0 2) peak compared to the other two. The origin of 
this deviation is not yet known. 
After confirming the crystalline structure, the microstructure and topography 
of the seed layers was investigated by atomic force microscopy (AFM). The AFM scans 
were performed in 1 μm x 1 μm regions so that the grain size of the crystallites (the 
surface features of the seed layers) could be resolved. To analyse the topography of 
the seed layers, line profile analyses were carried out on the AFM micrographs.  
 
Figure 5.1. X-ray diffraction spectra of the seed layers deposited at 200°C (S1), 250°C (S2) and 280°C 
(S3), showing the preferential (0 0 2) growth orientation characteristic of the wurtzite phase of ZnO. 
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These structural analyses are presented in Figure 5.2. It is observed that, as the 
temperature increases from 200°C (Figure 5.2a) to 250°C (Figure 5.2b), the seed layer 
roughness (Rq) increases. Raising the temperature further to 280°C (Figure 5.2c) 
resulted in a seed layer formed by ZnO nanoislands along with randomly distributed 
ZnO grains, as opposed to S1 and S2 samples, which showed a typical ALD deposited 
textured seed layer microstructure. The reason for this non-ideal seed layer 
deposition stems from the low pulse time used at a high temperature. Higher 
temperatures increase the kinetics of the adsorption processes and the chemical 
reactions described in Chapter 3.4.1. Thus, as the pulse time is relatively low, the high 
temperature can result in an uncontrolled desorption of the ZnO precursors during 
the ALD process, which prompts the non-ideal growth of the seed layer, observed for 
the seed layer deposited at 280°C, S3. Nonetheless, the roughness of this seed layer 
was the lowest of the three investigated.  
The AFM line profiles show a clear difference in terms of grain size and 
topography. The grain size of S1 was larger than that of S2 and S3, as represented by 
the wider peaks obtained from the respective line profiles shown in Figure 5.2. The 
topography of the first two (S1 and S2) is similar in peak height and typical of an ALD 
 
Figure 5.2. AFM micrographs and line profile analyses of seed layers deposited at a) 200°C, S1, b) 
250°C, S2 and c) 280°C, S3. The scale bars indicates 400 nm. d) Comparative plot of the roughness and 
seed density at the three deposition temperatures studied. 




textured seed layer, as reported in the works of Guillemin and Kim231, 232, although 
the number of peaks is larger for S2. This indicates that the roughness of both seed 
layers is similar (0.8 nm and 0.9 nm for S1 and S2 respectively), while the seed density 
is much higher for S2 (~589 µm-2) than that of S1 (~201 µm-2), as shown in Figure 
5.2d. Seed density here is defined as the number of surface features per unit area. 
Regarding the seed layer at 280°C, its topography is atypical for an ALD seed layer, 
which led to a lower roughness of 0.5 nm and a line profile showing a rather irregular 
surface microstructure. This irregular microstructure was interpreted as a decreased 
seed density (~426 µm-2) compared to S2, although the surface features of this 
sample were not as easily distinguishable as for the other two. Moreover, the size of 
the crystallites was more heterogeneous, which is expected to lead to a wider size 
distribution of the as-grown NWs.  
 The growth of NWs on different deposition temperature seed layers was 
assessed using high-resolution field emission scanning electron microscopy (FESEM) 
Three main parameters of the as-grown NWs were analysed in the comparative 
investigation for these conditions and the other conditions discussed in this chapter:  
• Their growth orientation, i.e., how orthogonal with respect to the substrate 
did the NWs grow. This is a qualitative analysis based on studying the ratio 
between NW tips and their sidewalls in such a way that the more NW 
sidewalls that are visible, the less orthogonal the NWs grew as a result of the 
initial growth orientations. These growth orientations stem from the surface 
microstructure and topography of the seed layer, as described in Figure 3.12 
in Chapter 3.5.3. 
• The NW diameter was measured as the distance between two opposite faces 
of a NW tip. Assessment of this dimension is critical to obtain a correlation 
with the crystallite size of the seed layer. Furthermore, analysing the size 
distribution of the NWs is key for certain applications that require a 
constrained NW size and size distribution. 
• The NW density provides valuable information on the overall number of NWs 
per unit area, which can be crucial for certain applications233, 234. Moreover, 
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this can be correlated with the seed density of the seed layers to attain 
further knowledge on the nucleation of the NW growth.  
Comparing the NWs grown on seed layers deposited at 200°C and 250°C, S1 and 
S2, (Figure 5.3a,b), it was shown previously that increasing the deposition 
temperature from 200 to 250°C resulted in a higher seed layer roughness with similar 
topography. After NW growth, this is translated to a more disoriented arrangement 
of the NWs grown on the seed layer at higher temperature (S2) compared to those 
grown on the seed layer deposited at 200°C (S1). At the same time, the diameter of 
the NWs grown on S2 (23 nm) was less than half that of the NWs grown on S1 (56 
nm) while the distribution of the NWs diameter grown on S1 (±10 nm) was notably 
larger than for those grown on S2 (±4 nm). This was correlated with the higher seed 
density for the higher temperature, S2, compared to S1 (Figure 5.2d). It is suggested 
that for higher seed densities there will be a larger number of nucleation centres for 
NWs to grow, resulting in a higher NW density. Additionally, a higher seed density 
should result in a smaller crystallite size. This can be seen in the clear difference in 
NW diameter between S1 and S2, where the seed layer with lower seed density, and 
thus larger crystallites, S1, yields larger NWs than its counterpart S2. The NWs grown 
on S3 had a similar diameter (24 nm) to those in sample S2. However, as the 
topography of S3 was not typical for an ALD deposited ZnO seed layer, the resultant  
 
Figure 5.3. Scanning electron microscope images of ZnO nanowires grown on ALD deposited seed 
layers at a) 200°C, S1, b) 250°C, S2, and c) 280°C, S3. d) Comparative plot of the NW diameter, size 




distribution and density at different temperatures. e) Comparison between the seed density and NW 
density, showing a clear correlation between both. The error bars on the NW diameter plot represent 
their size distribution. 
orientation of the NWs grown had a more random alignment than for S2 (Figure 
5.3c). As a result, there was a two-fold decrease in the NW density from S2 (~327 
µm-2) to S3 (~163 µm-2), as shown in Figure 5.3d. Meanwhile, due to the diameter of 
the NWs of S1 being more than double that of S2, the NW density was eight times 
smaller for S1 (~40 µm-2) than for S2. The seed layer surface features (Figure 5.2d) 
and nanowire (Figure 5.3d) density followed a similar trend, indicating that NW 
nucleation is dependent on the seed density (Figure 5.3e).  
5.2.2 Influence of the precursor pulse time 
The precursor pulse time is the deposition parameter that controls the dosage of 
precursors in the reaction chamber. This precursor dosing is critical to control the 
saturation of precursors and by-products on the surface of the substrate235. If the 
pulse time is too low, a non-ideal deposition will take place, as for S3. However, if the 
pulse time is too high, the surface will be saturated and more than a monolayer may 
be deposited, hindering the control over the deposition of atomic layers. Besides, 
excessive dosage of precursors can result in gas phase reactions and the excessive 
formation of by-products that could coalesce on the surface of the deposited film, 
yielding an undesired growth of the seed layer. Overall, the pulse time has a direct 
influence on the deposition regime, resulting in  incomplete growth for a low dosage 
or a shift in the deposition regime from ALD to CVD regime for a large dosage of 
precursors. To assess the influence of pulse time on the seed layer deposition, two 
different seed layers were prepared, S4 and S5, with the deposition conditions 
indicated in Table 5.1 in comparison with those of S3. 
The influence of the pulse time on the ALD seed layer deposition and NW 
growth was studied by comparing the results from samples S4 and S5 with those from 
S3. From now on, when referring to the pulse times, the first number indicates that 
of diethylzinc (DEZ), while the second one is for water. For S4, both pulse times were 
increased to 0.1 s to overcome the previously mentioned problems of the lower pulse 
times at high temperatures. Finally, for S5, the objective was to understand the limits 
of ALD as a technique for the deposition of ZnO seed layers. As such, the  influence  
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Table 5.1. Atomic layer deposition conditions for seed layers S3, S4 and S5, in which the influence of 












S3 280 250 0.015 0.015 5 
S4 280 250 0.1 0.1 5 
S5 280 250 1 0.1 5 
of a significant excess of one of the precursors during the seed layer deposition and 
on the subsequent NW growth was studied to discern whether this large excess 
would result in an impediment of the NW growth. In addition, the chemistry of the 
seed layers deposited this way was probed. Figure 5.4a shows the AFM micrograph 
and corresponding line profile of S4. The ZnO crystallites of S4 are larger than for any 
of the other samples while showing a heterogeneous surface with a roughness of 1.4 
nm. The AFM micrograph of S5 and its line profile are shown in Figure 5.4b. The 
surface roughness is 0.4 nm, similar to that of the underlying silicon substrate, with  
 
Figure 5.4. Atomic force microscopy micrographs and line profiles of samples grown with pulse times 
of a) 0.1 s – 0.1 s, S4, and b) 1-0.1 s, S5. The scale bars indicates 400 nm.  c) Comparative graph of the 
surface roughness and seed density of these two samples with S3. 




a homogeneous surface texture and crystallite size. As such, it can be seen that the 
increase in pulse time from 0.015 s (S3) to 0.1 s (S4) resulted in a large increase of 
the surface roughness, coupled with a considerable reduction in the seed density 
(from ~426 µm-2 to ~135 µm-2) owing to the larger crystallite size (Figure 5.4c). 
Regarding S5, the reduced crystallite size and larger homogeneity compared to S4 
resulted in a reduction of the surface roughness and a larger seed density of ~318 
µm-2. 
 To further understand the influence of the increased DEZ pulse time on the 
physicochemical properties of the ZnO seed layers, x-ray reflectivity measurements 
were carried out on S4 and S5, with the results shown in Figure 5.5a,b, respectively.  
 
Figure 5.5. X-ray reflectivity measurements of samples a) S4 and b) S5, showing the distinct density 
values obtained for both samples. The black symbols represent the experimental data and the red 
lines are the best fitting simulations. 
Chapter 5. Controlled growth of ZnO nanowires 
144 
 
The basics of XRR were detailed in Chapter 4.8.2. The plots shown in Figure 5.5 
represent the best fitting simulations (red lines) to the experimental data obtained 
(black symbols). Barring an initial dissonance for both samples, the fitting of the 
simulations correlates satisfactorily with the experimental data. The large excess of 
Zn precursor of S5 resulted in a large increase of the density of the ZnO seed layer, 
from 5.7 g cm-3 for S4 to 7.5 g cm-3. Comparing these two values with the ideal density 
of ZnO236 (5.6 g cm-3), it is clear that the excess of DEZ led to a Zn-enriched seed layer, 
distant from the ideal stoichiometry of ZnO.  
 FESEM micrographs of as-grown ZNO NWs on S4 and S5 are provided in Figure 
5.6a,b, respectively. In both cases, the growth orientation is widely distributed, more 
so for S4 than S5, as a result of the larger surface roughness. Nonetheless, a 
roughness as low as that of S5 should, in principle, provide a much better vertical 
alignment, but this discrepancy may be attributed to the Zn-rich seed layer that 
provides a different growth platform upon which the NWs growth is initiated. 
Regarding the size distribution and density of these NWs (Figure 5.6c), S4 shows a 
larger diameter (49 nm) and size distribution (±12 nm) with a smaller NW density 
(~66 µm-2) than S3, which is attributed to the larger size of the seed layer crystallites 
and its surface texture. S5 shows, in comparison, a drastic reduction of the NW 
diameter and the size distribution (32±9 nm) compared to S4, which is coupled with 
an increase of the NW density (~106 µm-2), although this increase in the NW density 
is not as significant as expected owing to the more random growth orientation. 
Figure 5.6d demonstrates that there is a direct correlation between the seed and NW 
density by which these two parameters have similar trends for these three samples. 
Only S5 shows a small deviation in which the NW density does not follow the upwards 
trend of the seed density due to the aforementioned characteristics of the seed layer. 
5.2.3 Influence of the number of cycles 
The number of cycles is the process parameter that controls the number of ALD 
cycles in a deposition. A cycle is defined as the sequential pulse and purge of both 
precursors. In a basic sense, the number of cycles is indicative of the overall thickness 
of the seed layer, with a larger number of cycles providing a larger thickness. 
However, there are additional side effects to the increase in the number of cycles, 





Figure 5.6. Scanning electron micrographs of as-grown NWs on seed layers a) S4 and b) S5. c) 
Comparative plot of the NW diameter, size distribution and density for different seed layer pulse 
times. d) Comparison between the seed density and NW density of S3, S4 and S5. The error bars on 
the NW diameter plot represent their size distribution. 
particularly for samples deposited outside of the ideal ALD regime, as for the samples 
shown here. In particular, increasing the number of cycles can lead to a considerably 
increased surface roughness that will have direct influence on the orientation of the 
as-grown NWs237, 238.  
Figure 5.7a,b show the AFM micrographs of samples deposited at 150 (S6) and 
500 (S7) cycles respectively; these two seed layers are compared with S4 and, hence, 
the other deposition parameters (temperature and pulse and purge times) were kept 
unchanged. For the lower number of cycles (150, S6), the seed layer texture is rather 
homogeneous, with surface features similar to those shown for S1 and S4 in terms of 
size and distribution, based on the characteristics of the line profile. The roughness 
of this seed layer was low, having a value of 0.6 nm. In comparison, when the number 
of cycles was increased to 500, the texture of the seed layer became considerably 
heterogeneous, as clearly shown in the line profiles of this sample; this, in turn, 
resulted in a two-fold increase of the surface roughness, rising to 1.3 nm. Two clear 
effects of the increased number of cycles can be extracted when comparing the 
results of these two samples with those of S4 (Figure 5.7c): first, the seed density 
decreased almost linearly with increasing number of cycles, from ~173 µm-2 to ~78  




Figure 5.7. Atomic force micrograph of ZnO seed layers deposited with a) 150 and b) 500 ALD cycles.  
The scale bars indicates 400 nm. c) Comparative plot of the surface roughness and seed density for 
seed layers deposited with different number of cycles. 
µm-2 for 150 and 500 cycles respectively; second, the seed layer roughness shows a 
sharp increase from 150 to 250 cycles, to values more than double that of S6 for S4, 
which then slightly decreases for S7 (from 0.6 nm to 1.4 nm and, finally, 1.3 nm). This 
seems to indicate that the roughness may linearly increase with the number of cycles 
until it reaches the plateau value shown here at around 1.3 nm. These two 
considerable effects induced by the changing number of ALD cycles will clearly affect 
the NW growth and can serve as the key control parameter to tune the orientation 
of the as-grown NWs due to the large variance in surface roughness and texture. 
The corresponding FESEM micrographs of samples S6 and S7 are provided in 
Figure 5.8a,b, respectively. Owing to the homogeneous surface texture and low  





Figure 5.8. Scanning electron micrographs of as-grown NWs on seed layers deposited with a) 150 
cycles, S6, and b) 500 cycles, S7. c) Comparative plot of the NW diameter and density and d) 
comparison of NW and seed density for as-grown NWs on seed layers with varying number of cycles. 
The error bars on the NW diameter plot represent their size distribution.  
roughness, S6 shows vertically aligned NWs of a smaller diameter and reduced size 
distribution than S4 (39±7 nm compared with 49±12 nm). The opposite was observed 
for the as-grown NWs on S7, with a more random growth orientations and larger 
diameters and size distribution than S6 (44±11 nm) resulting from the previously 
described characteristics of the seed layer. Attending to the NW density, it follows a 
similar trend to the seed density (Figure 5.8d) by which its value was reduced with 
increasing number of cycles. As such, the NW density of S6 (~80 µm-2) was 
considerably larger than that of S7 (~42 µm-2), as shown in Figure 5.8c. 
5.2.4 Influence of the purge time 
The purge time between the precursor pulses is a key deposition parameter as it 
helps controlling the saturation of the substrate surface while regulating the 
presence of by-products and excess reagents239. As such, it is paramount to carefully 
tune the purge times of both precursors to ensure that any excess precursors and by-
products are removed while preventing the desorption of the previously pulsed 
material. All the samples discussed up to now had both pulse and purge times equal; 
this, however, is not sufficient to exploit the tunability possibilities offered by ALD as 
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a deposition technique, as shown by the work of Park et al.239 As such, one example 
of separately tuning the purge times is provided here to study their influence. This 
seed layer was deposited at 280°C for 250 cycles with a pulse and purge train of 0.1 
s - 7 s - 0.1 s - 20 s, with the first two values being the pulse and purge times for DEZ 
and the last two being those of H2O. This sample was labelled as S8. AFM and FESEM 
micrographs of this sample are provided in Figure 5.9. Regarding the seed layer 
characterization, it had a surface roughness of 1.1 nm with a seed density of ~138 
µm-2, very similar to that of S4; its texture was comparable to that of S7. Regarding 
the as-grown NWs, they showed an almost vertical growth orientation, a diameter of 
46 nm with a size distribution of ±10 nm and a NW density of ~98 µm-2, comparable 
only with the samples grown on seed layers deposited with 0.015 s pulse and purge 
times. These results show that carefully tuning the purge times of the seed layers can 
yield high density of average sized, vertically aligned NWs, enforcing the need to 
carefully address the pulse and purge times. 
 
Figure 5.9. a) Atomic force and b) scanning electron micrographs of the sample with adjusted purge 
times, S8. Scale bar of atomic force micrograph indicates 400 nm. c) Correlation between seed density 




and nanowire density, showing a linear relationship between characteristics for the conditions used 
here.  
Figure 5.9c shows the correlation between seed density and NW density that 
has been discussed individually for each ALD parameter. This plot shows a direct, 
linear correlation with a slope of ~0.5, indicating that, on average, around half of the 
surface features of the seed layers become NWs. This relationship was stablished 
without considering the seed layer roughness, NW diameter or the orientation of the 
NWs, thus providing some valuable insight on the growth of ZnO NWs from textured 
seed layers.  
Attending to the individual values, it can be seen that S2 is a clear outlier that 
shows the largest seed density and NW density, which was accompanied also by the 
smallest NW diameter. This is an indication that an optimal configuration was 
achieved for S2 that results in densities much larger than for the other studied seed 
layers, although this would require further studies to prove.  
For clarity purposes and to provide a better platform to compare all the values 
for the different seed layer and NW parameters discussed here, Table 5.2 records the 
roughness, seed density, the NW diameter, size distribution and density for the eight 
samples discussed here. It can be seen that S8 had the highest ratio of NW 
density/seed density. Both S2 and S5 have comparable diameters and narrow size 
distributions for the smallest NW size recorded here. This collection of samples 
clearly showcases the high degree of tunability provided by ALD with which, by 
modifying only the seed layer deposition parameters, it is possible to control the 
dimensions, orientation and density of as-grown ZnO NWs.  
Table 5.2. Summary of the main parameters of the seed layers and as-grown nanowires discussed for 












S1 0.8 201 56±10 40 
S2 0.9 589 23±4 327 
S3 0.5 426 24±6 163 
S4 1.4 135 49±12 66 
S5 0.4 318 27±6 106 
S6 0.6 173 39±7 80 
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S7 1.3 135 44±11 42 
S8 1.1 138 46±10 98 
5.2.5 Importance of the ZnO seed layer for the growth of nanowires 
In order to better understand and verify the key role of the seed layer on the ZnO 
NW growth, a set of experiments was carried out in which it was attempted to grow 
ZnO NWs on a bare silicon substrate, with no seed layer. The growth conditions were 
2 hours and 50 mM concentration to ensure that some material would grow on the 
silicon substrate. The results from these experiments are shown in Figure 5.10. It can 
be seen that the growth resulted in a heterogeneous distribution of NWs (Figure 
5.10a), reflecting the critical role of the seed layer in the controlled growth of 
dimensionally tailored ZnO NWs. Nonetheless, interesting insights on the growth 
mechanism of the NWs can be extracted from these results.  
Considering Figure 5.10b, the two vertical NWs grown show that, at their 
bottom end, there is a resemblance to a hexagonal seed layer upon which the NWs 
have grown. This can be seen clearly in the higher magnification micrograph of Figure 
5.10c, where said base is shown along with the hexagonal prism shape characteristic 
of wurtzite phase ZnO NWs.  
5.3 Parametric influence of the chemical bath deposition conditions on the growth 




Figure 5.10. Scanning electron micrographs showing ZnO nanowires grown on a bare silicon/silicon 
dioxide substrate without the presence of a seed layer. 
Figure 5.10d depicts one of these bases prior to the growth of a NW on top. However, 
there are other NWs that seem to grow without the presence of this hexagonal base, 
as seen in Figure 5.10 b. This indicates that further research would be necessary to 
fully understand the seedless growth of ZnO NWs. One distinguishing feature of this 
seedless growth is that, while the lateral faces of the NWs are smooth, the Zn bases 
are fairly rough and grainy, with a possible resemblance to a seed layer similarly to 
those previously shown. Nonetheless, these results clearly demonstrate the need of 
a seed layer for the controlled growth of tailored arrays of ZnO nanowires240.  
5.3 Parametric influence of the chemical bath deposition 
conditions on the growth of ZnO nanowires  
The influence of the chemical bath deposition conditions on the nanowire growth 
was studied as a second route to tailor the dimensions of the nanowires to a desired 
application. For these, a new set of ALD conditions were used to form the seed layer, 
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in which the pulse and purge times were further tuned to obtain a high density of 
NWs. The pulse train used was 0.05-7-0.2-20, with the first two times referring to the 
pulse and purge times of DEZ and the last two referring to those of water. The 
number of cycles was kept at 250 and the temperature was set at 250°C, equivalent 
to S2, following the results obtained in the previous sections. To study the CBD 
influence on the NW growth, the synthesis time and the concentration of the 
precursors was changed; the temperature was kept constant at 90°C and the 
concentrations used were always equimolar for the Zn and OH- sources. In short, the 
conditions used were 2 h – 25 mM, 2 h – 50 mM, 6 h – 50 mM and 24 h – 50 mM. 
Figure 5.11 i shows a comparison of the NW diameter, density and length for the four 
samples here discussed.  
 First, the influence of the concentration was studied with the change from 25 
mM (Figure 5.11a,e) to 50 mM (Figure 5.11b,f). It can be seen that this increase 
directly yields a larger diameter, length and corresponding size distributions going 
from 32±7 nm in diameter and 336±34 nm in length for 25 mM to 79±22 nm in 
diameter and 492±13 nm in length for 50 mM. It can be observed that the changes 
in the concentration drastically affect the NW diameter more than the NW length, as 
the former increased more than 200%, while the latter increased around 45%. In 
addition, the large increase in diameter resulted in a considerable increase in the size 
distribution, along with a reduction of the NW density (from ~208 µm-2 to ~78 µm-2 
for 25 mM and 50 mM respectively). In summary, increasing the reagent 
concentration is a clear route to further control the dimensions of the as-grown NWs, 
especially the diameter.  
The influence of the synthesis time was studied by studying three different 
growth times: 2 hours, 6 hours and 24 hours. For all three, the reagent concentration 
was kept constant at 50 mM for both reagents. Increasing the synthesis time from 2  
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Figure 5.11. Top-view and cross-section scanning electron micrographs of ZnO nanowires grown with 
different chemical bath deposition conditions: a), e) 2 hours – 25 mM. b), f) 2 hours – 50 mM. c), g) 6 
hours – 50 mM. d), h) 24 hours – 50 mM. i) Comparative plot of the diameter, length and nanowire 
density of the four different nanowire samples. The error bars on the NW diameter and length plots 
represent their size distribution. The error bars for the length are within the respective symbols in the 
plot. The dashed lines are included for clarity purposes. 
hours to 6 hours (Figure 5.11c,g), led to two separate changes. On one hand, the NW 
diameter and NW density were reduced from 79±22 nm and ~78 µm-2 for the 2 hours 
growth to 62±19 and ~57 µm-2 for the 6 hours growth. On the other hand, the length 
of the NWs proportionally increased with growth time, going from 492±13 nm to 
1527±42 nm. The reduction in NW diameter and density at the same time may seem 
counterintuitive considering the results described previously in this chapter. 
However, the orientation of the as-grown NWs plays a key role in the overall NW 
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density; in fact, the wider the orientation distribution is, the lower the NW density 
will be, which is the effect causing the reduction of the NW density for the 6 h – 50 
mM compared to the 2 h – 50 mM samples. Further increasing the synthesis time 
from 6 hours to 24 hours (Figure 5.11d,h), while keeping the concentration at 50 mM 
resulted in a large increase of the dimensions and size distribution of the NWs. In 
particular, the diameter and length rose from 62±19 nm and 1527±42 nm for 6 h – 
50 mM to 146±51 nm and 4849±90 nm for 24 h – 50 mM. Additionally, the NW 
density was further reduced from ~57 µm-2 to ~27 µm-2 as a result of the larger 
diameter of the NW grown for 24 hours. A comparison of all the dimensions and NW 
density obtained for the four samples here discussed in presented in Figure 5.11i. An 
important feature of the 24 hours growth is the loss of the typical hexagonal shape 
of the ZnO NWs. This is due the large diameter of these NWs, which forces the NWs 
to accommodate their shape to the available space. This means that, during growth, 
the NWs will be forced to grow in shapes akin to the typical hexagonal, although 
distorted, in order to fit with the neighbouring NWs. A similar effect is seen for the 2 
hours – 50 mM growth (Figure 5.11b).  
In summary, modifying the synthesis time and precursor concentration 
provides an additional degree of control over the dimensions of the ZnO NWs. A 
summary of the results obtained is given in Table 5.3 for easier comparisons. The 
reagent concentration mainly influences the NW diameter163, with higher 
concentrations providing larger diameters. The synthesis time provides more control 
over the length of the NWs241, with increasing synthesis times yielding longer NWs. 
Therefore, carefully tuning the ALD seed layer deposition and the CBD conditions 
allows a high degree of control over the dimensions and orientation of the ZnO NWs.  
Table 5.3. Summary of the nanowire diameter, length and density for nanowires grown under 













25 2 32±7 336±34 208 
50 2 79±22 492±13 78 
50 6 62±19 1527±42 57 
50 24 146±51 4849±90 27 
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5.4 Growth of ZnO nanowires on sol-gel deposited seed layers 
Following the issues discussed in Chapter 4.3, an alternative route to the deposition 
of ZnO seed layers had to be explored, with sol-gel processing being the chosen 
avenue. The experimental details of this process were provided in Chapter 4.4 and 
only those were used in this project. As the goal of the sol-gel seed layers was to 
serve as an underlayer for the growth of ZnO NWs for photoelectrochemical 
applications, no parametric study of the sol-gel deposition of ZnO seed layers was 
carried out. It was considered that a study of this type was not appropriate timewise, 
nor it would have given critical input on the subsequent functional performance of 
the NW-based devices. As such, the sol-gel deposition parameters of the seed layer 
were kept constant and changes only to the CBD conditions were studied. A detailed 
study of the sol-gel deposition of ZnO thin films by sol-gel processing can be found in 
the work of Znaidi154. 
A growth study was carried out to better understand the growth of NWs on sol-
gel seed layers. For this, time-dependent growths were carried out, while keeping 
the reagent concentration and temperature fixed at 25 mM and 90°C. Four different 
growth times were used in this study, namely 60’, 90’, 2 hours and 6 hours. The aim 
of this study was to understand the minimum growth time to obtain NWs and to 
investigate the desired growth conditions for the envisioned application.  
The 60 minutes synthesis is shown in Figure 5.12a, which illustrates the initial 
growth of ZnO nanomaterial. No recognizable NWs were grown; instead, preliminary 
seed-like nanostructures similar to those shown in Figure 5.10 d are formed. These 
nanostructure do not completely cover the underlying seed layer, possibly indicating 
that longer growth times would result in a complete coverage of the substrate. As 
the growth time was increased to 90 minutes (Figure 5.12b), ZnO nanorods (NRs)  




Figure 5.12. Scanning electron microscopy images of ZnO nanowires grown on sol-gel deposited ZnO 
seed layers at an equimolar reagent concentration of 25 mM for a) 60 minutes, b) 90 minutes, c) 2 
hours and d) 6 hours. 
were grown (see Chapter 2.3 for the difference between NWs and NRs). These NRs 
grew at various random orientations with a wide size distribution; the NR array was 
discontinuous, as there were regions of the substrate that were exposed still, not 
covered with the as-grown ZnO nanomaterial observed in Figure 5.12a. For the 2 h – 
25 mM CBD conditions (Figure 5.12c), a continuous array of ZnO NWs was achieved, 
meaning that the substrate was completely covered by the ZnO NWs, similar to the 
results previously shown throughout this chapter.  
One distinguishable characteristic of these NWs grown on sol-gel deposited 
seed layers is the tapered tips that a large number of the as-grown NWs display, a 
feature that was not observed for any of the ALD seed layer-based samples. This 
effect was more obvious for the NWs grown for 6 h – 25 mM (Figure 5.12d). For these, 
two different types of ZnO NWs can be identified: thinner ones, with tapered tips, 
and larger ones resembling the ones previously reported. Nonetheless, both types 
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have the typical hexagonal shape characteristic of the wurtzite crystalline structure. 
These tapered NWs have also been seen in ALD-based seed layers242, though not in 
this work. More examples of ZnO NWs with tapered tips are provided in Chapters 6 
and 7 as this was a common feature of the NWs grown on sol-gel deposited seed 
layers. Regarding the NW size and density, the values for the 2 hours growth were 
38±14 nm in diameter and ~27 µm-2 while those of the 6 hours growth were 75±52 
nm in diameter and ~11 µm-2. A large increase in the diameter and the size 
distribution can be seen for the 6 hours growth, which led to a considerable decrease 
on the NW density. As will be discussed in Chapter 7, the latter growth conditions, 6 
hours and 25 mM, were chosen as the base NW growth for the development of the 
ZnO NW-based photoelectrochemical functional structures. 
5.5 Crystallography of the ZnO nanowires and seed layers 
One key feature of any nanomaterial is its crystalline structure, in particular whether 
it is single crystal, or has defects or is polycrystalline or amorphous in structure. This 
can be vital for their functional performance once integrated as electronic devices, 
as the crystal structure and crystalline defects can be the cause of reduced charge 
mobility or may hinder the optical and mechanical properties243, 244. Therefore, 
understanding the crystalline structure of the NWs is key to obtain a suitable device 
performance. X-ray diffraction (XRD), high-resolution transmission electron 
microscopy (HRTEM) and selected area electron diffraction (SAED) were used to 
study the crystalline characteristics of the ZnO seed layers and NWs. The crystallinity 
of the seed layer is also important to obtain the best possible growth of the ZnO NWs, 
meaning that it will enable the growth of high-quality, single crystal wurtzite ZnO 
NWs, as was detailed in Chapter 3.5.3. 
Figure 5.13a shows the XRD analyses of five ALD deposited seed layers, namely 
S1, S2, S3, S7 and S8. It is clear that, for all five, the (0 0 2) is the dominant orientation 
as part of the (0 0 0 1) plane following the [0 0 1] direction, with the presence of the 
(1 0 1) component in three of them (S1, S2 and S7). This (0 0 2) orientation 
corresponds with the wurtzite crystalline phase of ZnO, demonstrating that the seed 
layers deposited with ALD have a wurtzite crystalline phase, which is ideal for the 
growth of single crystal NWs. To ensure that the NWs were also wurtzite phase, XRD  




Figure 5.13. X-ray diffraction spectra of a) different seed layers deposited with ALD and b) comparison 
between the seed layer S8 and the as-grown NWs on that substrate. c), d) Plots comparing the 
crystallite size with the seed density and NW diameter, respectively, for the seed layers S1, S2, S3, S7 
and S8. e) High-resolution transmission electron microscopy micrograph and f) selected area electron 
diffraction patter of as-grown ZnO nanowires on S8, showing the single crystal wurtzite phase 
properties of these NWs.  
analyses were also performed, see Figure 5.13b. The NWs here studied were grown 
on S8 for 6 hours and a concentration of 25 mM equimolar. It can be seen that only 
the (0 0 2) orientation is present in the ZnO NWs, indicative of single-phase wurtzite 
NWs.  
Further information was extracted from the XRD spectra of the seed layers by 
using Scherrer’s equation (defined in Chapter 4.8.1), which was utilised to estimate 
the size of the crystallites (surface features) of these seed layers. This crystallite size 
is the out-of-plane size. The relation between crystallite size and seed density was 
provided in Figure 5.13c, which demonstrates a correlation between the size of the 
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surface features and their density by which larger crystallite sizes result in lower 
densities. Nonetheless, the previously mentioned relation is not clearly seen for S1 
or S2. In the case of S1, this can be attributed to the wide (0 0 2) peak obtained in the 
XRD analyses, wider than any other, that induces a smaller crystallite size in the 
Scherrer’s equation estimation. The AFM micrograph of S1, as previously discussed, 
also shows a broad size distribution that could help explain the discordance in the 
expected relation between the crystallite size and seed density. These two features 
in conjunction (a wide XRD peak and a broad distribution from AFM) can be the 
explanation of this irregular behaviour, as both indicate that, in principle, the 
crystallite size for S1 should be larger than what is estimated by Scherrer’s equation. 
In the case of S2, a larger crystallite size than for S1 is accompanied by a larger seed 
density, which may seem counterintuitive. No immediate explanation can be 
provided for this difference other than the fact that the AFM micrograph for S2 
(Figure 5.2b) was not perfectly resolved, which may pose an analytic problem for this  
comparison.  
Concerning the relation between the crystallite size and NW diameter (Figure 
5.13d), it can be seen that the NW size, including the size distribution, barely changes 
with varying crystallite size. S2 is an outlier in this trend, as previously stated, in which 
the NW diameter and NW and seed densities were remarkably different than for the 
other studied seed layers. The slight deviation for S7 can be attributed to the large 
roughness of this seed layer. From this comparative plot (Figure 5.13d), it can be 
inferred that a single ZnO NW typically requires more than a single crystallite to grow 
from, attending to the values of both sizes. This matches with what was previously 
seen in Figure 5.9c, where these two magnitudes followed a linear relationship by 
which the ration of NW density over seed density was ~0.5. 
After investigating the crystal structure of the ZnO NWs by XRD, further 
analyses were carried out by TEM. The high-resolution TEM of Figure 5.13e shows 
the characteristic planar stacking of the wurtzite crystalline phase. No lattice defects 
such as twins or dislocations were observed during the TEM imaging, a sign of a single 
crystal nanostructure. This was further confirmed by the SAED pattern shown in 
Figure 5.13f, in which the two characteristics planar orientations, (0 0 2) and (1 0 0), 
of wurtzite ZnO NWs in TEM were obtained. In addition, the SAED pattern shows only 
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the spots characteristic of these two orientations, indicating no other growth 
orientations or crystalline phases. As a result of these analyses, it is possible to 
determine that the ZnO NWs grown in this work were single crystal wurtzite phase 
ZnO NWs. Their single crystal character is of special interest owing to the improved  
performance they enable in the functional measurements discussed in Chapter 8.  
5.6 Importance of substrate positioning during nanowire 
growth 
The positioning of the seeded substrates during the CBD growth of ZnO NWs is crucial 
to obtain a clean and homogeneous surface. In Chapter 4.5, it was detailed how, in 
this work, the seeded substrates were placed face down, supported by a custom-
made holder, in order to avoid the settling out of the material grown in the growth 
solution. Face down means, in this case, that the seed layer is pointing downwards, 
towards the bottom of the reaction beaker, in such a way that the material grown in 
solution does not deposit due to gravity. There are works in the literature245 that 
highlight how the positioning of the seeded substrate influences the NW growth. 
However, these works do not show what happens if the seed layer is placed facing 
upwards. If the seeded substrates are placed face up, settling out of material grown 
in solution will occur as shown in Figure 5.14 is presented.  
Figure 5.14 shows an experiment on the settling out of materials grown in 
solution for NWs grown on the seed layer S2 with CBD conditions of 2 h – 25 mM. It 
is observed that the NW array is mostly covered by a heterogeneous film of ZnO nano 
and microstructures (Figure 5.14a,b), some of which are wires or flower-like 
structures (Figure 5.14c). The presence of these structures on top of the as-grown 
NWs will lead to irregular device performance. Moreover, the settling out of these 
ZnO microstructures can damage the as-grown ZnO NWs (Figure 5.14d), further 
hindering the characteristics of the NW film. As such, the critical influence of the 
positioning of the NWs during the CBD process is demonstrated to ensure a 
homogeneous and controlled film of as-grown NWs that will have the desired 






Figure 5.14. Scanning electron micrographs showing the results of a nanowire growth by chemical 
bath deposition with the substrate placed face up, clearly showcasing the detrimental effects of the 
settling out of ZnO nano and micromaterials grown in solution.  
5.7 Conclusions 
In this chapter, the results from a detailed study of the controlled growth of ZnO 
nanowires were presented and discussed, with a special focus on structural analyses 
carried out by scanning electron microscopy. First, a sequential and thorough 
description of the different atomic layer deposition parameters and their influences 
on the seed layer properties and how these affect the chemical bath deposition of 
ZnO nanowires was provided. In particular, the ALD parameters discussed were the 
temperature, pulse time, number of cycles and purge time. It was shown that seed 
layer characteristics such as the surface roughness, texture and seed density play a 
key role in controlling the diameter, density and orientation of the as-grown NWs. 
This was followed by a study of the influence of the chemical bath deposition 
conditions on the dimensions, size distribution and density of the ZnO NWs. The 
reagent concentration and synthesis time were the focal points of this study as those 
two were deemed the most influential on the dimensional tailoring of the as-grown 
ZnO NWs. It was proven how the reagent concentration predominantly influences 
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the NW diameter, while the synthesis time has a major influence on the NW length. 
The combination of these two studies serves as proof of how this ZnO NW growth 
process offers wide ranging control over the as-grown NWs dimensions and 
orientation, showcasing the usefulness for the application of these nanowires in 
working devices. Specifically, NWs with diameters ranging from 23 nm to 146 nm and 
size distributions between ±4 nm to ± 51 nm, lengths from 336±34 nm to 4849±90 
nm and NW densities ranging from 27 µm-2 to 327 µm-2 were obtained with this 
process, showcasing the vast range of possibilities that the controlled deposition of 
ALD seed layer and NW growth offer.  
Subsequently, a brief description of the nanowire growth on sol-gel deposited 
seed layers was provided, with an emphasis on the minimum growth time required 
to obtain an array of ZnO NWs. Only one set of conditions was used for this purpose 
and it was shown that, for this sol-gel process, the as-grown NWs had two different 
types of NWs (tapered and not tapered tips), with a broad size distribution and 
random growth alignment. After these NW growth studies, a review of the 
crystallography of the ALD seed layers and as-grown NWs was provided by means of 
XRD and TEM, which demonstrated that the ZnO NWs are single crystal wurtzite 
phase NWs. Finally, a small note on the positioning of the substrates during the CBD 
process was gives, emphasizing on the importance of placing the substrates face 
down to avoid the settling out of the ZnO micro and nanostructures grown in solution 
























This chapter describes the results obtained from a thorough study on the doping of 
ZnO nanowires (NWs) with cobalt and copper. Doping of ZnO was described 
previously in Chapter 3.6 as one of the most prominent routes to enhance and tune 
the optoelectronic properties of ZnO. This is enabled by the ease with which dopant 
agents can be integrated into the wurtzite lattice of ZnO, either by direct substitution 
of Zn or O or as a defect in the structure. In this work, cobalt and copper were chosen 
as dopants in an effort to tune the bandgap of ZnO towards lower energy values, 
reducing it from its typical 3.3 eV, to provide enhanced functionality to ZnO in 
photoelectrochemical water splitting. The introduction of these dopants may also 
offer enhanced charge transport pathways that are beneficial for improved charge 
transfer within the NWs. The Co and Cu doping of the NWs was successfully achieved 
during chemical bath deposition (CBD) growth of the ZnO NWs, as it was described 
in Chapters 3.6 and 4.5. Cobalt and copper enter the wurtzite ZnO lattice by 
substituting for Zn atoms, which improves the optoelectronic properties while 
maintaining the high crystal quality discussed in Chapter 5.5. This chapter is divided 
in two main sections. First, the doping of ZnO NWs using copper is discussed, based 
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on a study of their morphology and optical properties. This is followed by a thorough 
account of the morphological properties of Co-doped ZnO NWs grown on textured 
ZnO seed layers deposited by atomic layer deposition (ALD) and sol-gel processing. 
Cobalt was the main focus of the doping study discussed in this chapter and, thus, 
this section details the influence that Co-doping has on the optoelectronic properties 
of ZnO NWs, with a special emphasis on the carrier dynamics and electronic band 
structure of these nanomaterials. An adequate understanding of these properties is 
crucial to comprehend the performance of functionalities based Co-doped ZnO NWs. 
Throughout the chapter, the cobalt and copper doping levels will be referred to in 





 [Eq. 6.1] 
where %i refers to the nominal percentage doping of the i element (Co or Cu) and ni 
and nZn refer to the number of moles of the dopant source and zinc source introduced 
in the CBD growth solution, respectively. As such, any doping percentage given 
represents the ratio between the dopant and zinc precursors in the NW growth 
solution. The actual values of the doping are expected to be lower the nominal 
values207, 246, 247. The discussion in this chapter will be provided on a comparative 
basis and, therefore, no accurate quantification of the exact doping values is 
provided. This quantification is challenging to assess and it was not deemed essential 
for the purpose of the discussion. 
6.2 Copper-doped ZnO nanowires 
Doping ZnO NWs with copper has two main influences, particularly in the growth 
kinetics of the NWs and in their optoelectronic properties. As such, the 
morphological properties of Cu-doped ZnO NWs were studied using scanning 
electron microscopy (SEM) to understand the influence that different copper doping 
levels have on the dimensions of the as-grown NWs. Cu-doped ZnO NWs were grown 
on seed layers deposited with ALD following the deposition conditions of sample S2 
in Chapter 5.2. The NWs were grown using a 50 mM equimolar concentration for 
both reagents, with a growth time of 24 hours. The copper doping was integrated 
during growth as detailed in Chapter 4.5.1. The nominal doping levels studied were 
2%, 5%, 10% and 20%, with the aim of understanding the influence that these 
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different levels have on the optoelectronic properties of the ZnO NWs towards 
improving their functional performance in photoelectrochemical water splitting. 
Figure 6.1 shows the top-view (Figure 6.1a) and cross-section (Figure 6.1b) SEM of 
the 10% Cu-doped ZnO NWs. It can be observed that the NWs maintain the 
characteristic hexagonal shape of ZnO NWs for the most part, with a diameter of 
503±180 nm and a NW density of ~2.2 µm-2. The length of these NWs, extracted from 
the cross-section image in Figure 6.1 b, was 4.4±0.3 μm. The diameter of these NWs 
is the largest obtained so far, even for a long growth time of 24 hours. This indicated 
that the presence of copper in the growth has a direct influence in the morphology 
of the as-grown NWs by which it increases the size of the ZnO nanomaterial. 
Considering the large size of the NWs here obtained, a term more correct to refer to 
them would be microwires, although the term nanowires will still be used for 
simplicity.  
 To assess the optoelectronic properties of the Cu-doped NWs, ultraviolet-
visible spectroscopy (UV-vis) and photoluminescence (PL) were utilised. The UV-vis 
study is shown in Figure 6.2a and it shows how there is a large difference in the light 
absorption as the Cu-doping increases. The 2% Cu-doped NWs show a very sharp 
absorption feature starting at 450 nm that reaches its peak at 375 nm. Overall, the 
absorption shown by this sample in the UV-near blue region is larger than that of 
undoped ZnO. Attending to the 5% Cu-doped ZnO NWs, their absorption is larger 
than that of the ZnO NWs for the whole visible range and in the UV region down to 
340 nm. From 340 nm to 300 nm, the undoped ZnO NWs show a larger absorption.  
 
Figure 6.1. a) Top-view and b) cross-section scanning electron micrograph of 10% copper-doped ZnO 
nanowires, showing the typical hexagonal shape characteristic of ZnO nanowires.  
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Considering the 10% and 20% Cu-doped ZnO NWs, their light absorption properties 
are much lower in absolute value for almost the whole range of the experiment 
compared to the undoped NWs or those with a lower copper concentration, 
indicating that there is a maximum in the copper doping level at which the light 
absorption properties of the NWs are as good as possible. Nonetheless, no significant 
shift or considerable increase in the light absorption was observed for these samples, 
hinting at the possibility that this approach may not yield the best possible results 
with regards to the doped ZnO NWs. 
 Photoluminescence spectroscopy analysis (Figure 6.2b) was carried out to 
obtain a better understanding of the optoelectronic properties of the Cu-doped ZnO 
NWs. For the undoped NWs, the PL shows a narrow peak centered at around 370 nm 
attributed to the near bandgap emission of ZnO. This wavelength corresponds to 3.35 
eV, which is in good agreement with the theoretical values of the ZnO bandgap 
provided in the literature review of Chapter 3. As the Cu doping level is increased, 
there is a slight shift of the bandgap signal towards higher wavelengths, i.e., lower 
energies, indicating that increasing concentrations of Cu doping lead to a red-shift of 
the bandgap. This is evidenced by the tail of the bandgap peak in the low energy 
region. Here, it can be observed that adding 2% Cu doping does not induce any 
meaningful change in the bandgap. However, for 5% and 20% there is an evident red-
shift of around 15 nm, with the 10% Cu-doped NWs yielding a red-shift of 8 nm. In 
addition, the 10% and 20% samples show a clear broadening of the bandgap peak 
compared to the other studied samples.  
 
Figure 6.2. a) Ultraviolet-visible and b) photoluminescence spectroscopic analysis of undoped and 
copper-doped ZnO nanowires. 
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Finally, there is another peak centered at around 540 nm that can be attributed 
to the characteristic defects of ZnO, also discussed in Chapter 3. The importance of 
this defect peak increases with increasing doping level, achieving its maximum at 20% 
Cu-doping level. The 10% Cu-doped NWs do not follow this trend. All in all, while 
copper doping induced a clear red-shift in the bandgap signal for doping level above 
5%, it also showed a very poor optical absorption in the UV-vis spectroscopy analysis 
at those doping levels170, 171. This indicates the possibility that, while the energy 
barrier of the bandgap can be reduced, the optoelectronic properties of the NWs 
may not be greatly enhanced and, therefore, no further analysis on using copper as 
a ZnO dopant were carried out. Instead, the focus was shifted towards cobalt. 
6.3 Morphological study of cobalt-doped ZnO nanowires 
Cobalt doping was integrated in the ZnO NWs during the CBD process using textures 
seed layers deposited with both ALD and sol-gel processing. A detailed morphological 
study of the growth of Co-doped ZnO NWs with different cobalt levels is provided to 
discuss the influence that the substitutional cobalt has on the growth kinetics. This is 
followed an extensive investigation of the optoelectronic properties of the Co-doped 
ZnO nanowires in which ultraviolet-visible spectroscopy (UV-vis), photoluminescence 
(PL), cathodoluminescence (CL) and fast-transient absorption spectroscopy (FTAS) 
were utilised to detail the electronic band structure, carrier dynamics and defect 
density that cobalt influences in the ZnO NWs.  
Cobalt-doped ZnO NWs were grown on seed layers deposited with ALD and sol-
gel processing to determine whether the seed layer deposition technique had any 
influence in the growth of the Co-doped NWs, akin to what was discussed in Chapters 
5.2 and 5.4. For the ALD-based seed layer, the deposition conditions were 250°C, 250 
cycles with a pulse train 0.05-7-0.2-10 seconds, with the first two being the pulse and 
purge times for diethylzinc and the last two being those of water. The CBD growth 
time was set at 24 hours and the concentration of the reagents at 50 mM for the Zn2+ 
and OH- sources. Nominal doping levels of 1%, 10%, 20 % and 35% were used for the 
ALD seed layer based Co-doped ZnO NWs. Figure 6.3a shows vertically aligned 1% 
Co-doped NWs with a size similar to the one previously shown for a 24 hours growth 
in Chapter 5.3. This indicates that low amounts of cobalt doping do induce significant 




Figure 6.3. Top-view scanning electron micrographs of ZnO nanowires grown on seed layers deposited 
with atomic layer deposition and doped with different levels of cobalt. a) 1%, b) 10%, c) 20% and d) 
35%. e) Cross section image of the 10% Co-doped ZnO nanowires. f) Comparative plot of the nanowire 
diameter and density for different levels of cobalt doping. The dashed lines are included for clarity 
purposes. 
changes in the dimensions of the NWs. The average diameter of these NWs was 109 
nm with a size distribution of ±26 nm and a NW density of ~22 µm-2. Their shape is 
also akin to the aforementioned NWs, with the presence of different shapes other 
than the characteristic hexagonal prism shape of wurtzite phase ZnO NWs being 
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attributed to the large diameter of these NWs. As the cobalt doping was increased to 
10% (Figure 6.3b) and 20% (Figure 6.3c), the diameter of the NWs was reduced to 
101±38 nm and 91±36 nm, respectively. This is in accordance with the results 
presented by Godavarti et al.248 A possible explanation for this reduction in the 
diameter is related to the smaller atomic radius of Co compared to Zn, although this 
hypothesis was not explored, as it was not considered within the scope of this work. 
The NW density for these two samples rose from ~22 µm-2 for 1% Co to ~47 µm-2 
and ~58 µm-2 for 10% Co and 20% Co, respectively, following the expected trend. 
Once the doping was increased to 35% (Figure 6.3d), a drastic change in the 
morphology of the NW film was observed. The diameter increased considerably, 
going from 91±36 nm for 20% Co to 145±54 nm for 35%, more than a 50% increase, 
that resulted in an almost continuous thick film, instead of the typical array of clearly 
distinguishable ZnO NWs. As a result of the enlargement of the NW diameter when 
the doping was increased from 20% to 35%, the NW density was reduced in half, from 
~58 µm-2 to ~29 µm-2, respectively. A typical cross-section SEM of these Co-doped 
ZnO NWs (for 10% Co in this case) is provided in Figure 6.3e. These NWs show an 
average length of 4.5 μm, attributed to the long growth time used for this sample. 
No comparative study of the lengths of these NWs was made, as it was assumed that 
their lengths would be comparable based on the equal CBD conditions. The NW 
diameter and density trends here described are clearly displayed in Figure 6.3f. 
Cobalt-doped ZnO NWs with doping levels of 1%, 5%, 10% and 20% were grown 
on sol-gel deposited seed layers on indium tin oxide (ITO) substrates. These NWs 
were grown for 6 hours with an equimolar reagent concentration of 25 mM. The 1% 
Co-doped ZnO NWs (Figure 6.4a) show NW diameter and density of 45±23 nm and 
~25 µm-2, respectively, which are comparable to the results obtained for the NW 
growth shown in Chapter 5.4. The large size distribution is attributed to the presence 
of two distinct ZnO NWs types, thinner and tapered and larger and prismatic. The 
large variety of growth orientations of these samples is considered to be the source 
for the low NW density. These two characteristics of ZnO NWs grown on sol-gel 
deposited seed layers were also discussed in Chapter 5.4. As the cobalt doping was 
increased to 5% (Figure 6.4b), the size of the NWs increased from 45±23 nm for 1% 
to 54±22 nm for 5%, while maintaining the same ~25 µm-2 NW density. Further  




Figure 6.4. Top-view scanning electron micrographs of ZnO nanowires grown on seed layers deposited 
by a sol-gel process and doped with different levels of cobalt. a) 1%, b) 5%, c) 10% and d) 20%. e) 
Comparative plot of the nanowire diameter and density for different levels of cobalt doping. The 
dashed lines are included for clarity purposes. 
increasing the cobalt doping to 10% (Figure 6.4c) resulted in NWs with a diameter of 
57±28 nm and an increased NW density of ~27 µm-2. Finally, the 20% Co-doped ZnO 
NWs (Figure 6.4d) have a diameter of 57±26 nm and a density of ~28 µm-2.  
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For all doping levels, the two different types of NWs (tapered and prismatic) 
are present. The NW diameter and density trends are shown in Figure 6.4e. These 
trends do not follow what was previously seen in Figure 6.3. The reason for this is 
attributed to the two distinct types of NWs that do not follow the expected trend. 
No comparison between the NWs grown on ALD and sol-gel seed layers is made as 
the CBD growth conditions were not comparable.  
6.4 Optoelectronic analysis of cobalt-doped ZnO nanowires 
A comprehensive and thorough study of the cobalt doping influence on the 
optoelectronic properties of the ZnO NWs was carried out so the possible functional 
applications of these doped-NWs could be developed. For this, a set of spectroscopic 
techniques, namely ultraviolet-visible spectroscopy (UV-vis), photoluminescence 
(PL), cathodoluminescence (CL) and fast-transient absorption spectroscopy (FTAS) 
were utilised. All optical analyses were performed on the samples grown on ITO 
substrates and sol-gel deposited textured seed layers. The theoretical basis for the 
spectroscopic analytical techniques was provided in Chapter 4.10. 
6.4.1 Ultraviolet-visible spectroscopy analysis 
 UV-vis spectroscopy analysis was carried out on Co-doped ZnO NWs with 
doping levels of 1%, 5%, 10% and 20% and the results compared with pristine ZnO 
(Figure 6.5a). The displayed absorption is in absolute values. It can be seen that only 
the 1% Co-doping increased the absorption over the pristine ZnO NWs. As expected 
for ZnO, the main absorption of the NWs is in the blue-near UV region, between 300 
nm and 400 nm. The 1% Co also shows a shoulder in the absorption at 400 nm 
(marked by the red arrow), indicating a red-shift or enhancement of the light 
absorption at longer wavelengths. A red-shift is a shift of the bandgap energy level 
towards lower energy regions. The red-shift for the 1% Co-doping sample was 
confirmed by means of photoluminescence spectroscopy. Regarding the part of the 
spectra corresponding to the higher wavelength region (500 nm to 750 nm), it is 
proposed that the signal that is observed does not directly correspond with light 
absorption and, instead, it was attributed to the scattering of the visible light caused 
by the randomly aligned network of ZnO NWs249. Therefore, it is not expected that 
the Co-doped ZnO NWs will be photoactive in this higher wavelength region. 




Figure 6.5. a) Ultraviolet-visible spectroscopy of undoped and Co-doped ZnO nanowires with doping 
levels from 1% to 20%. b) Photoluminescence spectroscopy of undoped and 1% Co-doped ZnO 
nanowires, showing a clear red-shift in the bandgap emission. 
The PL spectra of Figure 6.5b shows the emission of undoped and 1% Co-doped 
ZnO NWs. The peaks presented correspond to the bandgap of the two samples, with 
that of the undoped ZnO centered around 3.4 eV and that of the 1% Co-doped 
centered at 3.25 eV. Comparing the positions of these two peaks, the position of the 
bandgap peak for 1% Co is shifted towards lower energies, compared to that of the 
undoped NWs, confirming the red-shift in the bandgap energy. UV-vis and PL 
spectroscopy provided useful information for the analysis of the optoelectronic 
properties of the Co-doped ZnO NWs. Nonetheless, additional characterization was 
required to fully understand the effects that Co-doping has on the properties of ZnO. 
6.4.2 Fast-transient absorption spectroscopy study 
As no red-shift was observed for Co doping levels other than 1%, FTAS was utilised to 
assess the possible red-shift for higher doping levels, as well as to understand the 
carrier dynamics of the Co-doped ZnO NWs. The FTAS measurements were carried 
out in a pump-probe setup, as described in Chapter 4.10.2. This spectroscopic 
technique was used for samples with 1%, 5% and 20% Co-doping, as well as undoped 
ZnO NWs; 1% Co was chosen as the benchmark value, while 5% and 20% doping 
levels were used to understand the influence of higher-level cobalt doping. The 
results from these experiments are provided in Figure 6.6. The false colour maps of 
the undoped, 1%, 5% and 20% Co-doped ZnO NWs, shown in Figure 6.6a,b,e,f, 
respectively, are a representation of the changes in the absorption of the material 
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(∆A) as a function of the energy and time. Changes in ∆A can be registered as either 
ground state bleaching (for negative ∆A), which indicates the depletion of the ground 
state carriers to excited states, or as further excitation (for positive ∆A). Hence, 
changes in the ∆A false colour maps are interpreted in terms of carrier dynamics. The 
unit used to measure the change in the absorption are optical density (OD), which 
represents the optical attenuation of the material, i.e., the amount of light 
transmitted through the material.  
For the undoped NWs, there is a negative ∆A signal centered at 3.3 eV in the 
false colour map, which is interpreted as an absorption bleaching peak that 
corresponds with the theoretical value of the bandgap of ZnO. Time dependent 
analysis of this absorption bleaching was carried out to understand the dynamics of 
the depletion of the ground state carriers. The time dependent bleaching signal study 
is shown in Figure 6.6c. Here, it is shown that the absorption bleaching signal reaches 
its maximum value at 5 ps, indicating a fast depletion of the valence band. The small 
narrow peak at ~2.25 eV is an experimental artefact due to the second order of the 
pump laser in the monochromator and is not a real signal; this signal is also observed 
for the other spectra in Figure 6.6. The absorption bleaching reaches zero at about 
2.5 eV, indicating carrier activity for a region of almost 1 eV. Figure 6.6 b shows the 
false colormap of ∆A for the 1 % Co-doped ZnO NWs. There is a negative ∆A signal 
centered at 3.18 eV that is identified as an absorption bleaching peak. Comparing this 
bleaching peak with the one obtained for the undoped ZnO NWs, it can be seen that 
the signal has shifted to a lower energy region (from 3.3 eV to 3.18 eV), 
corresponding with the previously discussed red-shift induced by the cobalt doping. 
The time dependent analysis of this bandgap bleaching presented in Figure 6.6 d 
shows that the negative absorption bleaching tail extends over the entire probe 
range, while achieving the maximum at the 1 ps time, faster than for the undoped 
ZnO. In addition, the bleaching signal is observed in the whole spectral range.  
The FTAS false colour map of the 5% Co-doped ZnO NW sample is shown in 
Figure 6.6 e. No clearly defined bandgap bleaching signal for the whole time scale is 
observed for this sample, in contrast with what was observed previously. 
Nonetheless, there were three small traces centered at 3.25 eV, 3.05 eV and 2.97 eV  




Figure 6.6. Fast transient absorption spectroscopy measurements of undoped, 1%, 5% and 20% Co-
doped ZnO nanowires. For each samples, the 2D false colour map of ∆A and the time dependent 
absorption bleaching are provided for a), c) undoped, b), d) 1% Co-doped, e), g) 5% Co-doped and f), 
h) 20% Co-doped ZnO nanowire samples. 
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that were attributed to the ZnO and the effect of the Co-doping. In addition, a wide 
absorption bleaching signal centered at around 2.3 eV was observed. This signal was 
attributed to the presence of surface defects typical of ZnO250. Accordingly, the time 
dependent analysis of the bandgap bleaching shown in Figure 6.6g showed that the 
maximum of the large defect-related signal was reached at 1 ps, similarly to the 1% 
sample. More work was required to better understand this signal centered at around 
2.3 eV, as it is shown in a later section of this chapter. Moreover, further work would 
be required to understand the origin the behaviour here observed for the 5% Co-
doped sample to ascertain the origin of this behaviour and whether it was due to an 
experimental error or not. 
The false colour map for the 20% Co-doped ZnO NWs is shown in Figure 6.6f. 
Here, a ∆A negative signal, interpreted as an absorption bleaching peak, is centered 
around 2.9 eV. This is proof that increasing levels of cobalt doping lead to further a 
red-shift in the bandgap bleaching signal. However, at 20 % doping, the absolute 
value of the ∆A is an order of magnitude smaller. Considering the time dependent 
absorption bleaching (Figure 6.6h), it can be seen that the maximum is achieved at a 
1 ps delay time, the same as the other doped samples. Due to the low intensity of 
the bleaching signal, the one derived from the second order of the pump can also be 
clearly seen. Finally, the absorption bleaching is extended to the entire probe region, 
an effect previously attributed to the cobalt doping of the ZNO NWs. These results 
show that the introduction of Co-doping in the ZnO lattice induces a red-shift of the 
near bandgap edge (NBE) emission, red-shifting the bandgap towards lower energies. 
In addition, the cobalt doping seems to hasten the carrier dynamics of the NWs as 
observed in the time dependent analysis of the undoped and Co-doped NWs, in 
which it was observed that the doped NWs achieved maximum bleaching faster than 
the undoped NWs.  
In order to obtain a better understanding of the carrier dynamics of the 
undoped and Co-doped NWs, Figure 6.7 shows the temporal dependence of the 
absorption bleaching signal at different probe energies, along with an estimation of 
the time constants that govern the decay of the carriers after being excited with the 
pump. This further analysis of the FTAS measurements was carried out for the 
undoped, 1% and 20% Co-doped NWs. The 5% sample was excluded from this 
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additional analysis as it was believed that the estimations provided may not 
accurately represent the reality due to the abnormally low signal observed in the 
FTAS false colour map of Figure 6.6e. The time dependence of all three samples 
studied (Figure 6.7a,c,e) for different probe energies followed the same expected 
trend by which the lower the probe energy, the larger the recovery of the ∆A signal 
was. These changes in ∆A are directly correlated with the decay of the absorption 
bleaching signal, which gives information regarding the carrier dynamics and their 
evolution over time.  
The decay of the absorption bleaching was fitted with a multiexponential curve 
model with three different decay constants, τ1, τ2, and τ3, to provide a quantitative 
idea of the improvement of the carrier dynamics after cobalt doping. These fits were 
carried out at probe energies around the value of the bandgap observed in the FTAS  
 
Figure 6.7. Time dependence of the absorption bleaching signal at different probe energies for a) 
undoped, c) 1% and e) 20% Co-doped ZnO nanowires. Experimental data (black dots) and best fitting 
model (red lines) for the decay of the absorption bleaching signal for b) undoped, d) 1% and f) 20% 
Co-doped ZnO nanowires. 
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false colour maps (indicated in the respective plots), hence the 5% Co-doped sample 
was not included. It was observed that the shortest decay time (τ1), which 
corresponds to the initial rise of the fitting curves, depended on the probe energy, as 
evidenced by the change between undoped and 1% Co-doped NWs (Figure 6.7b,d, 
respectively). A similar observation was made in ZnO thin films by Bauer et al.251 The 
fit of ∆A for the undoped ZnO NWs (Figure 6.7b), at 3.3 eV, indicates multiple decay 
paths with τ1 = 20 ± 6 ps and τ2 = 99 ± 18 ps. These two decay times relate to non-
radiative recombination of charge carriers. The longest time constant, τ3, although 
included in the fitting was not determined within the precision of the 300 ps wide 
temporal window, and has been assigned to the radiative recombination time. The 
analysis of this τ3 decay constant is discussed later in this chapter. In the nominally 
1% Co-doped sample (Figure 6.7d) a decrease of both τ1 and τ2, being τ1 = 5.4±0.5 ps 
and τ2 = 82±14 ps was observed, indicating faster carrier dynamics. For 20% Co-doped 
ZnO NWs (Figure 6.7f), the decay constants obtained from the fitting were further 
reduced to τ1 = 4.7±0.7 ps and τ2 = 32±14 ps.  
The reduction of the τ1 and τ2 decay time constants, along with the red shift of 
the bandgap related absorption bleaching signal, were attributed to an increased sp-
d exchange interaction in the presence of Co2+, leading to positive and negative 
corrections to the energy of the valence and conduction band edges, respectively252, 
253. These positive and negative modifications are the direct cause for the red-shift of 
the bandgap of the Co-doped ZnO NWs with respect to the undoped ZnO by 
narrowing the energy gap between the valence and conduction band. Furthermore, 
the faster decay times also indicate faster carrier dynamics that correlate with the 
previous observations of Figure 6.6. The faster carrier dynamics could be beneficial 
for optoelectronic applications in which the fast transmission of carriers can enhance 
the functional performance of a device. 
Figure 6.8 shows a summary of the results of the carrier dynamics study carried 
out for the undoped, 1% and 20% Co-doped ZnO NWs. Figure 6.8a shows the 
evolution of the decay time of the absorption bleaching signal with time for the three 
samples. It is shown how increasing the cobalt doping resulted in faster carrier 
dynamics, as previously discussed. To further this analysis, the energy-dependence 
of the faster component of the decay time, τ1, is shown in Figure 6.8b for the three  




Figure 6.8. Summary of the fast transient absorption spectroscopy results for undoped, 1% and 20% 
Co-doped ZnO nanowires, showing the a) time dependent normalized ∆A and b) energy dependence 
of the fast component of the decay time, τ1. 
studied samples. There is a clear difference between undoped and Co-doped ZnO 
NWs by which τ1 is remarkably lower for the doped samples than for the undoped 
ZnO NWs. This difference is an indication of increased carrier trapping in the doped 
samples that hastens the carrier dynamics. Johnson et al.254 observed, for high 
excitation intensities, a sub-picosecond decay component and a slow decay 
component between of about 30-70 ps. This fast-sub-picosecond decay component 
was also observed by Sun et al.255 for high excitations. In contrast, this sub-
picosecond decay component was not present in our experiments. The lack of this 
component in this work was thus attributed to the formation of stable excitons, in 
line with the large exciton binding energy of ZnO. The trapping of carriers resulting 
from the fast τ1 component for doped samples was attributed to an increased density 
of oxygen vacancies in the NWs as a result of the Co-doping.  
It was previously discussed in Chapter 3.2 that ZnO has native defects, with 
oxygen vacancies being the most common. Oxygen vacancies in particular exist in 
three different states, namely neutral (V0O), singly charged (V+O) and doubly charged 
(V++O)250 and their number density can be further increased by the addition of cobalt 
as dopant agent, as reported by Sett et al256. Therefore, the increasing amounts of 
cobalt doping will generate a higher concentration of oxygen vacancies that, in turn, 
will hasten the fast τ1 component of the decay time, as shown in the results of Figure 
6.8. 
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6.4.3 Spatial cathodoluminescence analysis 
To further the investigation on the optoelectronic properties of Co-doped ZnO NWs, 
spatial CL was used as an analytical tool to study whether there was any spatial 
dependence of these properties for the doped NWs. For this, CL experiments were 
carried out in a CL system coupled with an SEM, as described in Chapter 4.10.4. This 
CL analysis was carried out for undoped, 1%, 5% and 20% Co-doped NWs. Before 
going into the detailed spatial CL mapping, the normalized CL spectra of the four 
samples over a whole NW are shown in Figure 6.9g. For the undoped NWs, this CL 
spectrum consists of a narrow UV peak centered at 3.28 eV and a broader peak in 
the green-orange region, centered around 1.9 eV. Considering the previous analyses 
shown in this chapter, the narrow UV peak was attributed to the excitonic, near 
bandgap emission (NBE), while the broadband peak spanning from 2.7 eV to 1.5 eV 
was considered to be linked to emissions related to different defects257, 258. This was 
correlated with other reports in the literature207. The CL spectra of all the Co-doped 
NWs are similar to those of the undoped NWs, albeit they differ in the relative 
intensity between the excitonic and the defect-related emission. Based on the 
literature, the defect-related emission, as discussed previously, was attributed to the 
oxygen related defects, particularly oxygen vacancies250, 259. In ZnO films, previous 
reports have shown that increasing levels of Co-doping result in a higher contribution 
of the defect-related band and a reduction of the luminescence from the excitonic 
recombination260. In these samples, only the higher contribution to the defect-
related band was observed.  
After determining the CL response of the undoped and Co-doped NWs, the CL 
spatial maps were obtained for 1% and 5% Co-doped NWs. The SEM micrographs of 
the analysed NWs are shown in Figure 6.7a,d, with the respective panchromatic CL 
maps presented in Figure 6.9b,e, obtained under identical excitation conditions. To 
obtain these panchromatic CL maps, the luminescence from each pixel was measured 
and subsequently integrated with the SEM image. For both panchromatic maps it can 
be seen that the CL intensity is stronger at the centre of the NW and diminishes 
towards the edges. In addition, a decrease in the relative intensity of the CL signal 
obtained from the 1% and 5% Co-doped NWs can be observed, which corresponds 




Figure 6.9. a), d) Scanning electron micrograph, b), e) panchromatic cathodoluminescence image and 
c), f) localized cathodoluminescence spectra of 1% and 5% Co-doped ZnO nanowires, respectively. The 
numbers in a) and d) indicate the points in which the cathodoluminescence spectra in c) and f) were 
taken. g) Normalized cathodoluminescence spectra, averaged over an entire nanowire, for undoped 
and 1%, 5% and 20% Co-doped ZnO nanowires. 
with what was previously observed in the FTAS analysis. Nonetheless, it can be seen 
that the CL intensity is homogeneous along the whole length of the NW for both 
samples, indicating that the Co-doping should be homogeneously distributed in the 
doped NWs. There is an exception to this, which is the bright spot observed in the 
Chapter 6. Doping of ZnO nanowires 
181 
 
central region of the 5% Co-doped NW. This spot was attributed to a possible local 
accumulation of electrons from the electron beam, indicating a possible 
heterogeneous section within the 5% Co-doped sample that would require further 
analysis in future work. 
To accurately assess the real spatial distribution of the CL across and along the 
NWs, four points were selected on each SEM image (points 1-4 in Figure 6.9a,d) and 
the corresponding CL spectrum was extracted for each point. The results are shown 
in Figure 6.9c,f for the 1% and 5% Co-doped ZnO NWs, respectively, with the intensity 
values being as extracted from the system, without any normalization. The 1% 
sample shows a clear difference between points 1 and 4 and points 2 and 3 in the 
near bandgap edge emission peak by which the latter set shows a higher intensity in 
this region compared to the former set. This can be attributed to the placement of 
point 2 and 3 with regards to the panchromatic map, as these two seem to be in a 
more central region than the other two. This central region is where the highest CL 
intensity was achieved. Regarding the defect-related band, all points have a similar 
intensity with the exception of point 1, which showed a slightly higher intensity than 
the rest. However, this was considered within the admissible experimental error. 
Considering the 5% Co-doped ZnO NW (Figure 6.9f), a similar situation to that 
described for the 1% occurs. Points 2 and 3 are within the central red region of the 
panchromatic map and, hence, the intensity of their near bandgap edge peak is larger 
than for the other two. The defect-related band shows a similar intensity for points 
1, 2 and 3. However, point 4 is a clear outlier in which this defect band has a larger 
intensity than the NBE peak. This is the only instance that this behaviour is observed 
and it may be attributed to the fact that point 4 was taken close to the bottom edge 
of the NW, which could possibly present a higher concentration of defects. 
In order to further the insight on the distribution of the NBE and defect-related 
peaks on a single NW, the hyperspectral CL maps of a 1% Co-doped ZnO NW are 
shown in Figure 6.10. These two maps depict the energy level of the NBE (Figure 
6.10a) and the defect-related broad band (Figure 6.10b). The UV peak is present 
mostly in the region between 3.31 eV and 3.325 eV, in good agreement with the CL 
presented earlier, while the defect-related one is mostly localized between 1.91 eV 
and 1.89 eV. The energy range for both peaks is very low, spanning 40 meV for the  




Figure 6.10. Hyperspectral cathodoluminescence map of a 1% Co-doped ZnO nanowire, showing the 
a) near bandgap edge emission peak and b) defect-related broad band peak.  
UV peak and 45 meV for the defect-related one, indicating good homogeneity across 
and along the NW. Significantly, it can be observed that the regions where the energy  
of the UV peak is lowest correspond to the regions in which the defect-related one 
has its highest energy. This may be an indication of a larger density of surface defects 
in these regions, which might be directly related to a higher concentration of Co2+ 
ions substituting Zn2+ in the ZnO lattice. Nonetheless, further analysis would be 
required to prove this theory. 
 The results shown here demonstrate that ZnO has two main excitonic peaks, 
one related to the near bandgap edge emission, centered around 3.3 eV, and a 
second, broader peak related to surface defects. The CL analysis demonstrates that 
the increase of the surface defects density with increasing doping is reflected in the 
larger intensity of the defect-related CL peak centered at around 1.9 eV. This 
correlates with the FTAS results obtained in which it was observed that the doping 
induced a broadening of the absorption bleaching signal, with a long tail that was 
prolonged down to 1.65 eV. To understand this influence in terms of the defects of 
ZnO, it is necessary to remark that the typical defects present in ZnO are vacancies, 
interstitials and antisites of both zinc and oxygen261. The broad emission centered 
around 1.9 eV observed in the CL analysis is usually assigned to the transitions related 
to oxygen vacancies and Zn interstitials262, 263. In this work, the relative increase of 
the broad band and, hence, of the density of oxygen vacancies and Zn interstitials is 
attributed to the substitution of Zn2+ by Co2+ in the ZnO lattice, which has a smaller 
ionic radii184. In addition, similar CL emissions to those described in this work, 
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attributed to oxygen vacancies, were also shown for ZnO that was co-doped with IIIa 
elements as donors or Li as an acceptor by N. Ohashi et al264. 
These results show how the optoelectronic properties of the ZnO NWs can be 
controllably tuned with the addition of cobalt doping, making this a promising 
approach to improve the functional performance of NW-based devices. As stated 
previously, this thesis aims at the development of photoanodes based on ZnO NWs 
for photoelectrochemical applications. Reports in the literature have shown that 
surface defects in ZnO and, particularly oxygen vacancies, play a very important role 
in the photocatalytic activity of ZnO, especially related with its efficiency in 
photoelectrochemical applications265, 266. In this chapter it has been demonstrated 
that adding cobalt as a dopant to ZnO enhances the absorption of visible light and 
increases the density of oxygen vacancies that can act as carrier trapping sites. In the 
CL maps shown earlier in this chapter it was observed that the lowest energy 
emission occurs at the surface of the NWs, suggesting that the Co-doped ZnO NWs 
have a higher number of surface defects and, therefore, it is expected that the Co-
doping will lead to an improvement in the photoelectrochemical performance of the 
ZnO NWs. These results are discussed in Chapter 8.4. 
A theoretical band diagram of the Co-doped ZnO NWs is proposed in Figure 
6.11. From the FTAS measurements it was observed that the bandgap of ZnO (3.3 eV) 
was shifted to lower energies (3.19 eV) by the introduction of a nominal 1% Co-
doping. This was a result of the introduction, by Co-doping, of localized sp-d states in 
the bandgap of ZnO that are directly related with the surface defects introduced by 
the substitution of Zn2+ with Co2+ and the sp-d exchange interactions between the 
electrons in the d orbital of cobalt and the sp energy level of ZnO267. These states are 
situated below the energy level of the conduction band and act a charge carrier 
trapping sites. In short, after the NWs are photonically excited, the photogenerated 
electrons will have two available excitation pathways, namely the conduction band 
of the Co-doped ZnO and the available sp-d states coming from the exchange 
interaction from the orbitals. This means that electrons of energies below that of the 
conduction band can also be excited and take part in a process other than the 
recombination with available holes, reducing the effective bandgap of the Co-doped 





Figure 6.11. Theoretical schematic of the band structure of cobalt-doped ZnO nanowires, showing the 
presence of the localized sp-d states introduced in the bandgap of ZnO by cobalt doping and the 
valence and conduction band (EV and CV, respectively). 
electrons, the charge separation of the Co-doped ZnO NWs is considerably improved, 
which is a critical effect on the photoelectrochemical performance of this material. 
6.5 Conclusions 
In this chapter, the results from a detailed study of doped ZnO NWs were presented 
and discussed. In particular, copper and cobalt were selected as the two dopant 
agents to be studied. The aim of this investigation was to determine whether the 
introduction of any of the two transition metals in the ZnO lattice would improve the 
optoelectronic properties of ZnO NWs and, if they do, what doping level was required 
for it. These analyses, which were based on optoelectronic spectroscopic techniques 
such as UV-vis, FTAS, PL or spatial CL, were carried out in a comparative basis 
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between the different levels of nominal doping and, therefore, no accurate 
quantification of the specific level of doping was determined for either of the 
dopants. 
 Copper-doped NWs were grown on seed layers deposited on ALD with doping 
levels from 2% to 20%. Morphological analyses using SEM showed that the 
introduction of copper resulted in a large increase in the diameter of the as-grown 
NWs, indicating a clear influence on the morphology during growth. With regards to 
their optoelectronic properties, the UV-vis analysis showed that 2% and 5% Cu-doped 
NWs had a comparable or better light absorption that the undoped ZnO NWs. Higher 
doping levels resulted in a considerable reduction of the light absorption and this 
result is detrimental for the functional performance of the NWs. The PL study showed 
two clear peaks, one centered at around 370 nm and related with the bandgap 
emission of ZnO and another, smaller, attributed to the defect band of ZnO. The 
intensity of the bandgap peak remained constant for increasing levels of doping, 
while that of the defect-related peak increased with higher doping level. This 
increase in the intensity of the defect band was an indication of an increasing 
concentration in the number of surface defects present in the ZnO NWs. In addition, 
it was observed that for doping levels higher than a nominal 2%, a clear red-shift 
between 8 nm and 15 nm was observed for the bandgap peak in the Cu-doped ZnO 
NWs. Even though some of the results obtained from this analysis showed promise, 
especially the red-shift observed in the PL analysis, the larger size of these NWs, along 
with the lack of any considerable improvement of the optoelectronic properties of 
the undoped ZnO NWs shifted the focus over the doping from copper to cobalt. 
 Cobalt-doped ZnO NWs were grown on seed layers deposited by both ALD and 
sol-gel processing. The doping levels used in this case ranged from 1% to 35%. There 
was a significant difference between the two seed layers on which the NWs grown. 
The sol-gel deposited seed layer yielded two different NW morphologies: one that 
followed the characteristic hexagonal shape of ZnO NWs and another that had 
tapered tips and a reduced diameter compared to the hexagonal ones. Other than 
that, no major disruptions in the morphology of the NWs were observed after 




 UV-vis analysis of the Co-doped samples showed that a 1% Co-doping resulted 
in an improvement of the absorption of the light absorption in the visible region, 
starting from the 380 nm region with respect to undoped ZnO NWs. For the other 
doping levels studied (5%, 10% and 20%), the overall light absorption was remarkably 
worsened when the Co-doping was integrated. In order to understand whether there 
was any shift in the bandgap when the Co-doping was integrated, a PL spectroscopy 
study was carried out on undoped and 1% Co-doped NWs, which showed a red-shift 
of the bandgap, reducing it from 3.4 eV to 3.2 eV. Further optoelectronic 
investigations of the Co-doped NWs were carried in the form of FTAS analysis. This 
was carried out for undoped, 1%, 5% and 20% Co-doped NWs. these results showed 
how increasing the Co-doping level resulted in a further red-shift of the bandgap, 
being reduced down to 2.95 eV for the 20% Co-doped sample. Furthermore, it was 
demonstrated in time dependent analysis that the cobalt-doping hastened the 
carrier dynamics, achieving the maximum of the absorption bleaching signal at 1 ps 
mark, faster than what was observed for the undoped ZnO NWs. The faster carrier 
dynamics were further demonstrated by energy dependent analysis, in which the 
transient response at the energy of the bandgap for the respective samples was fitted 
to a multi-exponential model that contained three different decay times. The second 
component of the multi-exponential curve, which governs the carrier dynamics, 
showed a decrease in its value for the doped samples compared to the undoped 
NWs, further proving the faster carrier dynamics when the Co-doping was integrated. 
Regarding the first of the aforementioned components, it was shown that this time 
constant was also faster for the doped samples, which was attributed to increasing 
charge carrier trapping in the doped samples, indicative of a higher density of surface 
defects and, particularly, oxygen vacancies. The results obtained from the analysis 
here discussed were ascribed to a strong exchange interaction between the sp 
orbitals of ZnO and the d orbitals of cobalt that induced the presence of a set of 
localized states in the bandgap of ZnO, below the conduction band, that acts a carrier 
traps, while reducing the effective bandgap of the Co-doped ZnO NWs.  
Spatial cathodoluminescence analyses were carried out to investigate in more 
detail the spatial distribution of the bandgap and defect-related peaks as well as to 
better understand the defects in the doped NWs. From the general CL analysis it was 
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observed that increasing the Co-doping level resulted in an increase of the intensity 
coming from the broad defect-related band, while that of the near bandgap edge 
emission remained the same. Spatial CL mapping was used to assess whether the 
NWs were homogeneous in their emission or the contrary. It was determined that 
the central region of the single NWs analysed had a higher CL intensity while the 
outer regions close to the edge showed a lower intensity. It was also observed that 
the NBE and defect-related peaks had a rather homogenous distribution along and 
across a single 1% Co-doped NW. Interestingly, it was observed that the regions 
where the intensity of the NBE peak was lowest, the defect-related peak had its 
highest intensity. The same occurred the other way around. 
Given the high surface-to-volume ratio of NRs, their surface plays a more 
important role than in thin films or bulk. This is reflected in the photoresponse of the 
Co-doped ZNO NWs as the two excess electrons associated with an oxygen vacancy 
can also help improve the photoelectrochemical activity and, thus, the functional 
performance of doped NW-based devices. Therefore, this effect, along with the rest 
of the optoelectronic characterization, served as base to confidently state the Co-
doping will be beneficial for the photocatalytic activity of ZnO NWs. To summarize 
the benefits obtained from this doping, a theoretical band structure model was also 




























This chapter describes the results obtained from a study of the growth and 
characterization of two different methods to functionalize the surface of ZnO 
nanowires (NWs). The two methods refer to two different materials used as the 
functionalizing materials, namely iridium and a metal-organic framework (MOF). The 
theoretical basis for functionalization with these two types of materials was provided 
in Chapter 3.7. The first part of the chapter deals with the integration of iridium with 
ZnO NWs. This integration was envisioned as a way to enhance the functional 
performance in photoelectrochemical water splitting. For this, the lateral faces of the 
ZnO NWs were decorated with Ir self-assembled nanoparticles (NPs) using sputtering 
as the deposition technique. An in-depth morphological study using scanning 
electron microscopy (SEM) and high-resolution transmission electron microscopy 
(HRTEM) is presented for different Ir deposition conditions. This is followed by a brief 
description of the optical properties of these functionalized NWs, investigated by 
ultraviolet-visible (UV-vis) spectroscopy. The second part of the chapter discusses the 
functionalization of ZnO NWs with a MOF, in particular the zeolitic imidazolate 
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framework 8 (ZIF-8). As ZIF-8 is a Zn-based MOF, as per the description in Chapter 
3.7.2, the integration of ZIF-8 and ZnO was achieved by successfully using the ZnO 
NWs as growth templates via a liquid phase processing and subsequent thermal 
treatment, resulting in the surface conversion of ZnO to form a core-shell structure 
in which the ZnO NWs are the core and the ZIF-8 forms the outer shell. The aim of 
the ZIF-8 functionalization of ZnO NWs was to improve the optoelectronic properties 
of the ZnO NWs to enhance the functional performance. The morphology of the ZIF-
8 functionalization was analysed by SEM and HRTEM, while the optical properties 
were studied with UV-vis, fast transient absorption and photoluminescence 
spectroscopy. The details regarding the functionalization process for iridium and ZIF-
8 are presented in Chapters 4.6.1 and 4.6.2, respectively. The MOF functionalization 
discussed in this chapter was integrated with undoped and doped ZnO NWs and, 
thus, the discussion of the results will be provided on this basis. The goal of both 
functionalizations discussed here was to enhance the performance of the ZnO NWs 
as photoanodes for photoelectrochemical (PEC) water splitting. Only the PEC 
performance of the ZIF-8 functionalization was studied as a result of the global 
circumstances, with the corresponding results shown in Chapter 8. 
7.2 Surface functionalization with iridium nanoparticles 
Iridium has been identified as one of the ideal catalysts for the photoelectrochemical 
water splitting process, and more particularly for the oxygen evolution reaction268, 
269, since the 70’s270. The theoretical basis for this application was provided in Chapter 
2.4. However, the availability of iridium has been an issue, as it is a rare and expensive 
transition metal, which makes its use in industrial level applications challenging. 
Thus, alternative routes like the one presented here, based on the functionalization 
of ZnO NWs, have to be explored. Here, sputtering was used to deposit iridium in the 
form of self-assembled nanoparticles (NPs) on the sidewalls of ZnO NWs. These NPs 
are in reality discontinuous nanoscale surface features that grow by self-assembly 
during the sputter process but, for convenience, are referred to as NPs. Control over 
the size and distribution of these NPs was achieved by tuning the deposition rate and 
growth pressure of the inert gas (Ar) inside the sputtering chamber. In order to assess 
this approach for the integration of these self-assembled iridium nanoparticles, a 
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thorough morphological analysis based on SEM and HRTEM was undertaken, in 
which the successful integration of the self-assembled Ir NPs and the ZnO NWs is 
demonstrated. The optical properties of these Ir-functionalized ZnO NWs were 
investigated by UV-vis spectroscopy to determine whether the presence of the self-
assembled NPs yielded any improvement or reduction on the optoelectronic 
properties of the ZnO NWs. Unfortunately, due to the unforeseen current global 
circumstances related to COVID-19, it was not possible to carry out additional 
characterization of the properties of these functionalized NWs. 
7.2.1 Morphological analyses of iridium functionalized ZnO nanowires 
Two different sets of sputter deposition conditions were utilised to investigate the 
development of the self-assembled Ir NPs on the sidewalls of the ZnO NWs. Both 
were carried out at a relatively high base pressure of 2x10-4 Torr (flow rate of 40 
sccm), with a nominal deposition rate of 0.25 Å s-1 and a power of 34 W. The 
difference between both samples was the deposition times, which were established 
at 40 s and 60 s for each sample. These deposition times were established as the 
corresponding times to nominally deposit a 1 nm and 1.5 nm thin film of iridium, 
respectively. This relation was established following the calibrated deposition of 
iridium thin films based on a recipe developed within the research group of Del 
Atkinson in the Department of Physics of Durham University. Hence, the two samples 
will be referred as 1 nm and 1.5 nm throughout the discussion. For the 1 nm sample, 
the NWs were grown on ALD-deposited seed layers. The seed layer deposition 
conditions were 250°C, 250 cycles with a pulse train 0.05-7-0.2-20 seconds, with the 
first two times being the pulse and purge for diethylzinc and the last two being those 
of water. For the 1.5 nm, the seed layer was deposited by sol-gel processing following 
the conditions previously described in Chapter 5. For both samples, the CBD growth 
time was 6 hours and the concentration of the reagents at 25 mM equimolar for the 
Zn2+ and OH- sources.  
 Figure 7.1 shows scanning electron micrographs of the Ir-functionalized ZnO 
NWs. SEM was utilised as a survey tool to assess the presence and distribution of the 
Ir NPs on the sidewalls of the NWs. Figure 7.1a,b,c show the results of the 1 nm Ir 
deposition. In Figure 7.1, a standard ZnO NW growth akin to those shown in Chapters 
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5 and 6 is shown; nonetheless, the surface of the lateral faces of the NWs appears to 
have a granular texture, see particularly Figure 7.1c. The high magnification image 
shown in Figure 7.1b confirms that the lateral faces of the ZnO NWs have a textured 
surface, which contrasts with the otherwise smooth surface shown for the NWs 
grown in previous chapters (see Figure 5.11). Figure 7.1c provides a higher resolution 
 
Figure 7.1. Scanning electron micrographs of a), b), c) 1 nm and d), e) 1.5 nm Ir-functionalized ZnO 
nanowires, showing the characteristic textured surface of the lateral faces of the nanowires as a result 
of the iridium functionalization. Some of the larger NPs of the 1.5 nm sample are marked by the white 
circles in e). f) Schematic representation of the formation of the large Ir NPs by coalescence of the 
smaller surface features (red hemispheres) as a result of the longer deposition time on the lateral 
faces of the NWs (blue). 
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micrograph of this textured lateral surface, in which a distribution of grain-like 
features interpreted as self-assembled Ir NPs on the lateral surfaces of the ZnO NWs 
can be observed. Considering the nominal 1.5 nm Ir samples, Figure 7.1d shows a low 
magnification image, in which some large features considered to be Ir NPs are visible; 
no other iridium related features are observed in this micrograph. The large Ir NPs 
are shown in the high magnification image in Figure 7.1e on the lateral faces of the 
as-grown ZnO NWs. In contrast to the 1 nm sample, no granular texturing of the 
surface on the NWs is observed for the 1.5 nm in this micrograph, indicating a 
different morphology of the iridium functionalization. It is proposed that increasing 
the deposition time from nominal 1 nm to 1.5 nm resulted in the growth of a quasi-
continuous layer of iridium on the lateral surface of the ZnO NWs instead of a surface 
feature decoration. In addition, the presence of the larger NPs on the lateral surface 
of the NWs (circled features of Figure 7.1e) suggests that some of the surface 
features coalesced, forming these larger NPs. A schematic of the growth of these 
large NPs by coalescence due to increasing deposition time is shown in Figure 7.1f. 
 From the SEM analyses it was clear that, in order to obtain a better 
understanding of the iridium functionalization of the ZnO NWs, high-resolution 
transmission electron microscopy was required. Figure 7.2 shows the TEM analyses 
carried out for the 1 nm Ir samples. Figure 7.2a,b show low magnification images of 
two separate Ir-functionalized ZnO NWs in which it is apparent that the formation of 
iridium nanoparticle functionalization of the NWs was successful, as indicated by the 
darker contrast island-like regions appearing in the outer part of the NWs. These 
surface features had not been previously seen and were attributed to the self-
assembled Ir NPs. The distribution of these NPs on the lateral faces of the NWs is 
fairly homogeneous, indicative of an adequate coating, which supports the higher 
magnification images from the SEM micrographs of Figure 7.1c. The shape of these 
Ir NPs is irregular, with an average size of ~2 nm (see the Gaussian distribution of the 
NP size presented in Figure 7.2c). The higher magnification image in Figure 7.2d 
shows regions with different contrast that are attributed to the presence of the 
functionalizing Ir NPs. Nonetheless, no significant disruption of the typical lateral 
shape of the ZnO NWs can be seen. Selected area electron diffraction (SAED) was 
used to check the crystalline phase of the functionalized NWs (Figure 7.2e). It showed 




Figure 7.2. a), b) Low and d) high resolution transmission electron micrographs, depicting the lateral 
faces of the 1 nm Ir-functionalized ZnO NWs. c) Gaussian size distribution of the 1 nm Ir NPs, including 
the average size and standard deviation. e) Selected area electron diffraction pattern of the NWs, 
showing their typical single crystal wurtzite phase. Elemental maps of f) iridium (blue dots) and g) Ir 
(blue), O (red) and Zn (green). 
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that the NWs are single crystal wurtzite phase ZnO NWs, corresponding to the 
expected crystalline phase of ZnO NWs as discussed in previous chapters. Elemental 
mapping of the iridium functionalization was carried out to determine the 
distribution of iridium across and along the NWs.  
Elemental maps of the elements forming the NWs were obtained by means of 
energy-dispersive x-ray spectroscopy (EDX), carried out in scanning transmission 
electron microscopy (STEM) mode. Details on this technique were provided in 
Chapter 4.9.2. The elemental map of iridium shown in Figure 7.2f demonstrates a 
homogeneous distribution of iridium, which corresponds with the homogeneous 
distribution of NPs shown in Figure 7.2a,b. To put this elemental distribution in 
contrast, Figure 7.2g shows the elemental map of Ir along with those of Zn and O. It 
can be seen that the distribution of the three elements is homogeneous and their 
mixing is good, with no clustering being present for any of them.  
 The TEM analyses of the 1.5 nm Ir sample are shown in Figure 7.3. A set of five 
Ir-functionalized ZnO NWs can be seen in Figure 7.3a. Here, the presence of a 
textured surface of the lateral faces of the functionalized ZnO NWs can be seen. This 
textured surface seems to homogeneously coat the lateral surface of the NWs, 
similarly to what was observed for the SEM analysis of the same sample in Figure 
7.1e. This is in correlation with the discussion of the SEM micrographs of Figure 
7.1d,e, in which it was suggested that a quasi-continuous Ir layer was grown around 
the ZnO NWs, along with the large iridium NPs formed by coalescence of the self-
assembled surface features. Figure 7.3b shows a higher resolution TEM image for the 
1.5 nm iridium sample in which the presence of the Ir NPs is evidenced. The size of 
these self-assembled NPs is ~3.3 nm (see the Gaussian distribution of the NP size 
presented in Figure 7.3c, that includes average size and standard distribution) with a 
homogeneous spatial distribution on the side walls of the NWs. These nanoparticles 
on the lateral faces of the NWs can be seen protruding at both sides of the NWs in 
Figure 7.3d, circled in white. The number density of particles for this sample is visibly 
larger than for 1 nm Ir, correlating with what has previously been discussed. Thus, it 
is apparent that increasing the deposition time from 40 s to 60 s led to a considerable 
increase in the density of the Ir surface features on the lateral faces of the ZnO NWs 
as well as to the coalescence of some of these to form larger NPs. 




Figure 7.3. Microscopy analyses of the 1.5 nm Ir samples. a), b), d) Low magnification transmission 
electron micrographs. The white marks in d) indicate the presence of the protruding Ir NPs on the 
sidewalls of the ZnO NW. c) Gaussian size distribution of the 1.5 nm Ir NPs, including the average size 
and standard deviation. e), f) High resolution transmission electron micrographs. g) Selected area 
electron diffraction pattern of the NWs, showing their typical single crystal wurtzite phase along with 
other diffraction spots attributed to the presence of iridium. h), i) High resolution transmission 
electron micrograph and corresponding histogram used to confirm the wurtzite crystalline phase of 
the functionalized ZnO NWs. 
The HRTEM analyses on this sample allowed the imaging of the Ir NPs, as 
evidenced by the presence of regions with different planar orientations other than 
that of the wurtzite ZnO NWs, marked in Figure 7.3e,f by the blue and red lines, 
respectively. This is indicative that a material other than ZnO has grown on the lateral 
faces of the NWs, which is attributed to iridium, and that seems to form an almost 
continuous shell around the ZnO core. Further proof of this is provided in the SAED 
pattern shown in Figure 7.3g, corresponding to the HRTEM micrograph of Figure 
7.3e. It shows the typical spot pattern of single crystal wurtzite phase ZnO NWs. 
However, there are other sets of diffraction spots (circled in green) that indicate the 
presence of a different crystalline material, which is attributed to the self-assembled 
Ir NPs. Nonetheless, the analysis of this secondary crystalline phase was not 
conclusive, partially due to the small size of the NPs, and it would require further 
work. To ensure the crystalline phase of the ZnO NWs, an analysis on the planar 
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interspacing of the ZnO planes was carried out, based on the HRTEM micrograph of 
Figure 7.3h, with its corresponding histogram shown in Figure 7.3i. The peaks of this 
histogram have an average width of ~0.27 nm, in good agreement with the 
theoretical value of 0.26 nm.  
7.2.2 Optical properties of the iridium functionalized ZnO nanowires 
The optical properties of the two iridium-functionalized ZnO NWs were studied by 
UV-vis spectroscopy and compared with the spectrum of the undoped ZnO NWs 
(Figure 7.4). The spectrum of the 1 nm Ir sample follows that of the undoped ZnO in 
the UV and blue region, up to around 390 nm. The shoulder at around 370 nm 
(marked by the blue arrow) is characteristic of ZnO and was also observed for doped 
samples in Chapter 6. For wavelengths above 390 nm, the 1 nm Ir sample has a larger 
absorption than the undoped NWs. For this sample, there are two small shoulders in 
the absorption signal centered at approximately 420 and 540 nm (marked by red 
arrows), with their origin being unknown. Unfortunately, only an individual sample 
was analysed before the lockdown caused by the COVID-19 pandemic and, therefore, 
further work such as additional optoelectronic studies would be required to 
adequately analyse these shoulders. Nonetheless, the absorption of the 1 nm Ir 
sample in the visible region from 400 nm to 700 nm is larger than that of the base 
ZnO NWs, which is promising for the application of the Ir surface functionalization.  
For the 1.5 nm Ir sample, the absorption spectrum is comparable to that of 
undoped ZnO, albeit with a slightly lower absorption. In particular, the absorption in 
the region between 350 nm and 400 nm is considerably lower, which is the main 
region of important for photonic-based applications of ZnO. For the visible region 
between 400 nm and 700 nm, the absorption of Ir 1.5 nm is slightly lower than that 
of the ZnO NWs. In addition, no shoulder in the spectrum is observed at 420 nm or 
540 nm, contrasting with the spectrum for the 1 nm Ir sample. The difference in the 
absorption between the two iridium functionalized NW samples is attributed to the 
difference in size of the iridium surface functionalization. It was seen in the 
morphological analysis that the 1 nm deposition resulted in the lateral surface of the 
ZnO NWs being covered by individual surface features that were considered NPs. In 
contrast, the 1.5 nm deposition was proposed to yield a quasi-continuous coating of 




Figure 7.4. Ultraviolet-visible spectra of undoped NWs and iridium functionalized ZnO NWs with 1 nm 
and 1.5 nm of iridium, showing that the 1 nm Ir sample provides the best absorption of the studied 
samples. The blue and red arrows indicate the shoulders discussed in the main text. 
the lateral faces of the ZnO NWs along with larger NPs formed by the coalescence of 
the self-assembled surface features. This iridium layer is considered the reason why 
the 1.5 nm Ir shows a poorer absorption than the 1 nm Ir and ZnO NWs. It is proposed 
that the quasi-continuous iridium layer acts as a reflecting coating, quenching the 
light absorption of the base ZnO NWs. 
All in all, it was proven that the integration of ZnO NWs and iridium surface 
functionalization by means of self-assembled NPs can be successfully achieved by 
sputter deposition. For this, it was necessary to use a relatively high base pressure of 
2x10-4 Torr during the deposition. Two different samples were grown using the same 
conditions while only varying the total deposition time to 40 s and 60 s, 
corresponding to a nominal thin film thickness of 1 nm and 1.5 nm. The microscopy 
studies carried to understand the morphology of these two samples showed that the 
1 nm Ir sample yielded a surface functionalization formed by individual Ir NPs with 
an average size of ~2 nm, while the 1.5 nm Ir sample provided a quasi-continuous Ir 
coating around the ZnO NWs along with larger NPs as a result of the coalescence of 
individual surface features. The larger amount of iridium deposited on the ZnO NWs 
with the increasing deposition time resulted in a quenched UV-vis absorption 
compared to the pure ZnO NWs and 1 nm Ir samples. Further work on this research 
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strand is required to obtain a better understanding of the surface functionalization 
with iridium NPs. However, and due to the pandemic and lockdown situation, it was 
not possible to further this research. 
7.3 Surface functionalization with a metal-organic framework 
Metal-organic frameworks (MOFs) are an attractive class of nanomaterials with a 
vast variety of uses and applications. In this work, the MOF that was implemented 
with the ZnO NWs was the zeolitic imidazolate framework 8, ZIF-8, which is a zinc-
based MOF. The background and theoretical basis of MOFs and ZIF-8 was provided 
in Chapter 3.7.2. ZIF-8 was selected as the ideal MOF for this integration due to it 
being a photoactive Zn-based MOF that could act as a passivation layer, protecting 
ZnO during the water splitting process271, 272. 
The integration of ZIF-8 and ZnO NWs was achieved using ZnO as a growth 
template in which the Zn required for the ZIF-8 growth is extracted directly from the 
ZnO NW lattice, yielding a core-shell structure in which ZIF-8 is the shell and ZnO is 
the core, labelled as ZnO@ZIF-8. To achieve this integration via a liquid phase 
process, the growth solution needs only to contain the organic linker that 
coordinates the ZIF-8 structure (2-methylimidazol, HMIM). The growth mechanism is 
defined as per the schematic in Figure 7.5. 
Two different approaches to adding the HMIM solution for the ZIF-8 growth 
were explored in this work, namely drop casting and spin coating. These techniques 
were chosen as viable alternatives to the commonly used hydrothermal growth195, 
which has two major drawbacks in the large reaction volumes required and the  
 
Figure 7.5. Schematic of the integration of the zeolitic imidazolate framework-8 shell and ZnO 
nanowires core by using the latter as growth template during growth. 2-methylimidazole, the organic 
linker used for the growth was deposited on the as-grown nanowires by either drop casting or spin 
coating. 
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longer growth times. In contrast, drop casting and spin coating are much faster 
techniques that require small reaction volumes (a few droplets of the organic linker 
solution) to controllably grow the ZIF-8 shell. The basis of these two approaches lies 
in the preparation of a methanol solution containing the desired concentration of 
HMIM, which is deposited onto the as-grown ZnO NWs in one of the two ways. The 
MOF integration by drop casting has been previously reported by Ki et al.273, while 
the use of spin coating has only been reported in our recent work90,showing the 
novelty in this specific application of spin coating. The experimental details of these 
two techniques are provided in Chapter 4.6.2. Morphological studies of the 
ZnO@ZIF-8 integration using these two techniques with SEM and HRTEM are 
provided. Finally, the optical properties of the core-shell NWs were investigated by 
UV-vis, fast-transient and photoluminescence spectroscopy. 
7.3.1 Integration of ZIF-8 and ZnO by drop casting 
Three key parameters control the growth of ZIF-8 using ZnO as a growth template: 
the growth temperature, the organic linker concentration in the methanol solution, 
and the growth time. The goal of this integration was to obtain a thin ZIF-8 shell that 
would enhance the PEC performance of the ZnO NWs. For this, the shell has to 
conformally coat individual NWs without bridging them, while also being thin. Should 
it be too thick, the NWs would not be accessible for the water splitting process, 
possibly hindering the performance. The growth temperature has to be such that the 
HMIM melts, which occurs at temperatures above 145°C; thus, the growth 
temperature was fixed at 160°C for all of the samples discussed in this work. 
Therefore, only the growth time and HMIM concentration were studied as growth 
control parameters. The results of the drop casting integration are shown in Figure 
7.6. The growth times were varied from 10 minutes to 20 minutes to assess its 
influence on the morphology of the core-shell structure. The HMIM concentration 
was set at 0.25 M. For 10 minutes growth time (Figure 7.6a) the as-grown ZnO NWs 
are completely covered by a ZIF-8 shell; this shell is large enough to bridge the gaps 
between NWs in some regions. When the growth time was increased to 20 minute 
(Figure 7.6b), this overgrowth was more noticeable, to the point that a quasi-
continuous ZIF-8 film was formed on top of the ZnO NWs. Thus, it was demonstrated 
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that careful control of the ZIF-8 growth time is paramount to obtain the targeted ZIF-
8 shell coating instead of a continuous film of the MOF.  
To study the influence of the concentration on the growth of the ZIF-8 shell, 
HMIM concentrations ranging from 0.15 M to 1 M were studied. The growth times 
 
Figure 7.6. Scanning electron micrographs of ZIF-8 shells grown on ZnO nanowires by drop casting 
with different growth conditions. Different growth times, a) 10 minutes, b) 20 minutes, and different 
organic linker concentrations, c) 0.15 M, d) 1 M. e) Low magnification micrograph showing that 
irregular distribution of the growth of the ZIF-8 shell, representing areas in which the ZIF-8 shell was 
grown on the nanowires (dark region) and those in which it did not grow (bright region). 
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were kept constant at 15 minutes. Figure 7.6c shows the ZIF-8 shell growth using a 
0.15 M concentration of HMIM. The results are similar to those shown in Figure 7.6a. 
However, the ZIF-8 shells in this sample are thinner, as evidence by the clearly 
defined tips of the NWs, which were not visible for the sample in Figure 7.6a. 
Nonetheless, the ZIF-8 shell still was large enough to bridge between many 
neighbouring NWs. When the HMIM concentration was increased to 1 M (Figure 
8.6d), a quasi-continuous ZIF-8 film that covered the ZnO NWs was obtained. The 
long-range order of the core-shell structuring by drop casting was studied, with the 
result shown in Figure 7.6e, which corresponds to the growth conditions of the 
samples in Figure 7.6c. The dark region indicates the area in which the ZnO NWs have 
been covered with a ZIF-8 shell, while the lighter region represents a region of 
undoped ZnO NWs where no trace of ZIF-8 could be identified. This irregular long-
range distribution makes this ZIF-8 growth technique unappealing, as homogeneity 
is key in obtaining a uniform functional performance. As such, drop casting was not 
deemed a suitable growth technique to control the integration of ZIF-8 and ZnO NWs. 
7.3.2 Integration of ZIF-8 and ZnO by spin coating 
Based on the results obtained from the drop casting growth of the ZIF-8 shell, spin 
coating was studied as an alternative processing technique that could provide a more 
uniform and controlled ZIF-8 shell coating. Critically, although spin coating is a widely 
used technique, its application to the growth of MOFs remains unexplored. The ZnO 
NWs used in this study were grown on sol-gel deposited seed layers on indium-tin 
oxide (ITO) substrates, with NW growth conditions of 6 hours, a 25 mM equimolar 
concentration and with a 1% Co concentration for doping.  
The growth conditions of the ZIF-8 shell were set at 160°C, 15 minutes growth 
time and 1 M HMIM concentration. The control parameter studied to understand the 
growth of the ZIF-8 shell was the spin coating speed, which was varied from 500 rpm 
to 5000 rpm. The spin time was set at 30 seconds for all the samples. The main 
objective of this study was to assess whether the spin speed would provide sufficient 
control of the ZIF-8 shell thickness and provide a good long-range homogeneity. 
Figure 7.7a shows the shell growth for a spin speed of 500 rpm. The individual ZnO 
NWs can be identified as the brighter spots in the micrograph. The slow spin speed 
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used here resulted in the NWs being completely covered by a ZIF-8 layer that bridged 
individual NWs to form a quasi-continuous ZIF-8 layer that resembles the results 
obtained for the drop casting growth. Increasing the spin speed to 1000 rpm (Figure 
7.7b) resulted in an external ZIF-8 coating of the ZnO NWs. However, this coating was 
 
Figure 7.7. Scanning electron micrographs of ZIF-8 shells grown on ZnO nanowires by spin coating 
under different spin speeds, a) 500 rpm, b) 1000 rpm, c) 2000 rpm, d) 5000 rpm. e) Low magnification 
micrograph showing that regular distribution of the growth of the ZIF-8 shell. The darker regions in 
this case represent growth defective areas in which the NW growth was not successful, while the 
brighter regions indicate the growth of the ZnO@ZIF-8 core-shell nanowires. 
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rather irregular, with a heterogeneous thickness that resulted in regions of the NWs 
being exposed, almost the opposite result compared to the 500 rpm sample. Further 
increasing the spin speed to 2000 rpm (Figure 7.7c) yielded a conformal coating of 
the ZnO NWs in the form of a ZIF-8 shell. The shell obtained for this sample was the 
first one that provided a complete coating of the ZnO NWs without bridging the 
individual NWs, albeit the thickness of the ZIF-8 shell was larger than what was 
originally envisioned. In an attempt to achieve a thinner shell, the spin speed was 
increased to 5000 rpm (Figure 7.7d). This resulted in a conformal shell that 
completely coated the ZnO NWs with the desired thickness and morphology. In 
addition, this sample yielded a homogeneous growth of the ZIF-8 shell over large 
areas, as evidenced in Figure 7.7e, in which it can be seen that, with the exception of 
the three circle-like regions, the rest of the sample showed a bright tone that 
corresponds to the ZnO@ZIF-8 core-shell NWs.  
The results shown in Figure 7.7 demonstrate that the spin speed is a very 
effective parameter to accurately control the growth of a ZIF-8 shell around ZnO NW 
cores. The reason why increasing spin speeds provide a more controlled and thinner 
ZIF-8 shell is based on the liquid layer formed during spin coating. ZnO NWs are 
known to be a hydrophilic nanomaterial that have an increasing hydrophilicity with 
larger densities of surface defects274. In Chapter 6 it was demonstrated the ZnO and 
ZnO:Co NWs had a large density of surface defects which, in turn, translates into the 
NWs being hydrophilic or super-hydrophilic. In addition to this, the solvent used for 
the spin-coating growth is methanol, which has a viscosity of 0.5 mPa·s, i.e. the same 
order of magnitude as water. Therefore, the wettability of the ZnO NWs towards 
methanol will be similar to that towards water. Thus, it is proposed that the HMIM 
methanol solution will completely wet the ZnO NWs, forming a liquid layer. The 
thickness of this liquid layer will be dependent on the spin speed of the spin coating 
process. As such, and based on the SEM analyses of Figure 7.7, higher spin speeds 
will thin the liquid layer on the ZnO NWs, resulting in a controlled thickness shell. In 
this way, the lower spin speed of 500 rpm was related with a greater volume of liquid, 
yielding the ZIF-8 coating that bridged adjacent NWs. In contrast, using the faster 
spin speed of 5000 rpm resulted a thin, conformal ZIF-8 shell on every individual NW. 
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Based on these results, spin coating was deemed a suitable technique for the 
growth of ZIF-8 shells on ZnO NW cores providing ease of production, low operative 
costs and control over the morphology of the shell. In order to further understand 
the growth, the influence of the growth time and HMIM concentration were studied. 
This study was conducted on the same NWs as those used in Figure 7.7 and these 
investigations were all carried out with a spin speed of 5000 rpm. Figure 7.8a is a high 
magnification image of the NWs shown in Figure 7.7d. Reducing the HMIM 
concentration from 1 M to 0.25 M while maintaining the growth temperature at 
160°C and the growth time at 15 minutes resulted in an incomplete ZIF-8 coverage 
(Figure 7.8b) that decorated only the lateral faces of the NWs instead of providing a 
complete shell coating. As such, low HMIM concentrations were not sufficient to 
provide a continuous and homogeneous ZIF-8 shell around the ZnO NWs core. 
Increasing the HMIM concentration from 1 M to 2 M, while keeping the other growth 
conditions constant, resulted in a significantly thicker shell (Figure 7.8c), similar to 
the growth with a spin speed of 2000 rpm (Figure 7.7c). Thus, increasing or 
decreasing the HMIM concentration resulted in the corresponding effect on the shell 
thickness and its overall coverage of the ZnO NW core. To understand the influence 
of the growth time on the spin coating process, this was increased from 15 minutes 
to 30 minutes, while maintaining the growth temperature at 160°C and the growth 
concentration at 2 M. The results obtained are rather similar to increases in the 
growth time, with the ZIF-8 shell completely and conformally coating the ZnO NW 
cores. This indicates that all the organic linker that was deposited on the lateral faces 
of the NWs requires less than 30 minutes to fully react with the Zn atoms of the NWs 
to form the ZIF-8 shell. Therefore, 15 minutes was set as the base time for all further 
experiments discussed in this work.  
The results shown here demonstrate that the novel use of spin coating has clear 
potential for the integration of ZIF-8 and ZnO as it allows the growth of a controllable 
ZIF-8 shell that conformally coats the ZnO cores. This control is obtained by carefully 
tuning the spin speed during the spin coating process, the growth time and the 
organic linker HMIM concentration. This approach controls the reagent volume 
through the NW array film, which is key to the formation of thin, uniformly  
 




Figure 7.8. Scanning electron micrographs of ZIF-8 shells grown on ZnO nanowires by spin coating 
under different growth time and HMIM concentrations, with the growth temperature and spin speed 
constant at 160°C and 5000 rpm, respectively: a) 15 min, 1 M, b) 15 min, 0.25 M, c) 15 min, 2 M and 
d) 30 min, 2 M. 
distributed MOF shells on ZnO NWs. Moreover, this approach can be generalised to 
the formation of other core-shell based reaction systems. 
High-resolution transmission electron microscopy was used to obtain a better 
understanding of the interplay between the ZnO core and ZIF-8 shell. For this study, 
the ZIF-8 shell growth parameters were set at 5000 rpm, 160°C, 1 M and 15 min 
(Figure 7.8a), as these were identified as the optimum growth conditions. Figure 7.9a 
shows a low magnification TEM image of a core-shell ZnO@ZIF-8 NW. Comparing this 
to the TEM images previously shown of undoped ZnO NWs, it can be seen that the 
lateral faces of the core-shell NWs have surface features and texture (marked by the 
red and white lines) that are attributed to the ZIF-8 shell. The texture provided by the 
ZIF-8 shell can be seen in the higher magnification SEM micrographs previously 
shown. The HRTEM image of Figure 7.9b shows two crucial characteristics of these 
core-shell NWs: marked in white, the surface texture previously described and, in  




Figure 7.9. a), b) High-resolution transmission electron micrographs of ZnO@ZIF-8 core-shell 
nanowires, showing the characteristic surface texture and thickness of the ZIF-8 shell. The red and 
white lines serve as contour guidelines to outline the presence of the shell and of the surface features 
on the lateral face of the NW induced by the ZIF-8 shell. c) Selected area electron diffraction pattern 
of the ZnO@ZIF-8 core-shell nanowires, showing the typical pattern of the single crystal wurtzite 
phase ZnO nanowires and no signal corresponding to the ZIF-8 shell, deemed under the detection 
limit.  
between two red lines, an outer signature of approximately 2 nm in thickness that 
outlines the ZIF-8 shell that coats the ZnO NW cores. ZIF-8 is known to be crystalline 
so SAED (Figure 7.9c) was used to determine whether the ZIF-8 shell grown on the 
ZnO NWs has any crystalline character. From the SAED shown in, it can be seen that 
only the diffraction pattern characteristic of the single crystal wurtzite ZnO NWs. No 
other ZIF-8 signal was observed, which is attributed to the ZIF-8 shell signal being 
under the detection limit. 
In order to demonstrate the ZIF-8 growth, elemental mapping analyses were 
carried out using energy dispersive x-ray spectroscopy (EDX) in scanning TEM (STEM) 
to study the Zn, O, Co and N signals. These analyses had two main goals: first, to 
determine the distribution of the Co-doping across and along the NWs and second, 
to assess the presence of nitrogen on the NWs. Nitrogen was chosen as the element 
to identify the shell as it is the only element not present in the ZnO NWs; the chemical 
structure of ZIF-8 contains C, Zn, H and N, thus nitrogen was selected. The elemental 
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maps are shown as combinations of the four elements studied. Figure 7.10a shows 
the superimposed Co and Zn signals on a ZnO NW. Zn is expected to completely cover 
the NW, with the cobalt signal being scattered homogeneously along and across the 
NW, albeit the presence of Co around the edges of the NW was diminished. This 
indicates that the doping is adequately distributed in the NW. The nitrogen signal 
was studied in comparison with the Co signal in Figure 7.10b. The two signals are 
homogeneously distributed on the NW, with the nitrogen being more prominent on 
the bottom edge of the NW. The presence of a significant N signal is indicative of the 
satisfactory integration of ZIF-8 on the ZnO NWs. The oxygen and nitrogen signals are 
shown together in Figure 7.10c.  
One key feature of the oxygen EDS data is that the signal does not completely 
cover the underlaying NW. This is attributed to the post-analysis signal processing 
 
Figure 7.10. Energy dispersive x-ray spectroscopy elemental maps of a) Zn and Co, b) N and Co, c) N 
and O and d) Zn, N, O and Co obtained in scanning transmission electron microscopy, showing the 
homogeneous distribution of the four elements that compose the core-shell ZnO@ZIF-8 nanowires. 
The scale bar indicates 50 nm. 
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procedure used in which the noise from the signals was minimized, thus why this 
artefact is present. Apart from this, the oxygen signal is similar to that of Zn, being 
present in the whole NW. The four signals (Zn, O, Co and N) were overlapped 
together in Figure 7.10 d, showing the homogeneity with which they all intermix, 
indicating that the Co doping and the ZIF-8 integration were overall successful. 
7.3.3 Structural spectroscopic studies of ZnO@ZIF-8 core-shell nanowires 
Further characterization of the ZnO@ZIF-8 core-shell structure was required to 
confirm the presence of the ZIF-8 shell. For this, x-ray diffraction (XRD) and x-ray 
photoelectron spectroscopy (XPS) were used. The description of these two 
techniques was provided in Chapters 4.8.1 and 4.9.1, respectively. The samples are 
named based on them being undoped ZnO NWs (ZnO), Co-doped NWs (ZnO:Co), 
core-shell NWs (ZnO@ZIF-8) or doped core-shell NWs (ZnO:Co@ZIF-8). The Co-
doping level of the NWs is a nominal 1% (see Chapter 4.5.1) unless specified 
otherwise; the shell growth conditions were 5000 rpm, 160°C, 1 M and 15 min unless 
stated to be different. ZIF-8 is a crystalline MOF with very clearly defined XRD peaks 
with Cu kα radiation, in the region between 5° and 30°275. The main ZnO peaks are 
located in the 35° region, as detailed previously in Chapter 5.2.1. Figure 7.11a shows 
the XRD spectra of ZnO@ZIF-8 and ZnO:Co@ZIF-8, two core-shell samples, in the 5° 
to 30° Bragg angle region. The signal seen at 12.5°for ZnO@ZIF-8 does not correlate 
with any ZIF-8 or ZnO peak and, therefore, additional work would be required to 
understand its origin. No significant signal related with the ZIF-8 phase was found for 
either of the two samples, which is attributed to the signal from the shell being below 
the detection limit of the instrument, as shown previously in the HRTEM experiments 
and in agreement with the literature272. To further support this claim, an estimation 
of the relative mass of the ZIF-8 shell was calculated. For this, a ZIF-8 shell of 2 nm 
was considered to conformally coat an ideal hexagonal prism (the ZnO core) with a 
diameter of 77 nm. Calculating these volumes and considering the densities of ZnO 
and ZIF-8, it was estimated that the ZIF-8 shell represented a 1% of the total mass of 
the core-shell NWs, thus proving the difficulty of obtaining a considerable signal from 
the spectroscopic techniques. Regarding the rise on the XRD signal peaking at 25°, 
this was attributed to be related with the amorphous ITO layer of the substrate276.  




Figure 7.11. a) X-ray diffraction spectra with Cu kα radiation of ZnO and ZnO@ZIF-8 in the region of 5° 
to 30°. X-ray photoelectron spectroscopy of b) Zn 2p, c) N 1s and d) O 1s peaks for ZnO and ZnO@ZIF-
8. e), f) Deconvolution of the O 1s peak for ZnO and ZnO@ZIF-8 showing the difference in the O 1sa 
and O 1sb components.  
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XPS was utilised to study the chemical environment of the core-shell NWs; for 
this, the Zn 2p, N 1s and O 1s peaks were studied as these were considered the most 
representative of the ZnO@ZIF-8 structure. Figure 7.11b shows the Zn 2p spectra for 
ZnO and ZnO@ZIF-8. The Zn 2p peak has two main peaks: the Zn 2p 1/2, centered at 
around 1045.5 eV, and the Zn 2p 3/2, centered around 1022.4 eV. These two peaks 
are present in both samples and are centered at the same positions in both cases. 
The intensity ratio between the Zn 2p 3/2 and Zn 2p 1/2 peaks for ZnO is ~2.2, while 
the same ratio for ZnO@ZIF-8 is ~2.3, values that are similar. Therefore, it is assumed 
that the introduction of the ZIF-8 shell does not induce any major change in the Zn 
2p peak. Nonetheless, comparing the intensities of these two peaks between both 
samples, it is clear that the intensities for ZnO are considerably larger. By calculating 
the intensity ratio for Zn 2p 3/2 and Zn 2p 1/2 as the ratio of intensities between ZnO 
and ZnO@ZIF-8 it was observed that, for both peaks, the ZnO sample had an intensity 
around 2.3 times larger. This is attributed to a possible shielding effect caused by the 
ZIF-8 shell by which the intensity of the signal extracted during the experiment is 
reduced by the presence of the ZIF-8 shell. The two main peaks of Zn 2p are 
accompanied by two small satellite peaks, present for both samples. The origin of 
these two satellite peaks is unknown, although their presence does not seem to alter 
the chemical environment of the Zn in the NWs or core-shell NWs. To confirm the 
presence of the ZIF-8 shell, the N 1s peak was analysed, following a similar reasoning 
to the one detailed for the EDX studies. The spectra for the N 1s peak of ZnO@ZIF-8 
is shown in Figure 7.11c. The region presented in this figure is that in which the N 1s 
peak typically is present, with the individual characteristic N 1s peak being typically 
centered at around 398 eV. However, no significant peak was identified in the 
spectrum, indicating that insufficient signal was obtained with the instrument. The 
two shoulder-like signals at 408 eV and 398 eV were recorded for all the analysed 
samples (with or without a ZIF-8 shell) and do not correlate with typical position of 
the N 1s peak277. Therefore, it was assumed that signals were part of the background 
the measurement itself and, hence, do not have any scientific value. As such, and as 
it occurred for the XRD analysis, the N 1s peak of the ZIF-8 was below the detection 
limit as the amount of nitrogen in the core-shell NWs was considerably low. 
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 The O 1s peak was also investigated to assess any difference caused by the 
presence of the ZIF-8 shell. In principle, if the oxygen from ZnO reacts during the shell 
growth, forming water as a by-product, there should be a significant difference in the 
O 1s peak for the ZnO and the ZIF-8. This difference can be seen in the spectra 
provided in Figure 7.11d. Here, it is shown that the core-shell ZnO@ZIF-8 sample has 
a prominent shoulder centered at around 532 eV. To analyse this difference between 
both samples, the O 1s peak was deconvoluted for both samples. Typically, an O 1s 
peak for ZnO can be deconvoluted in to two contributions, named here O 1sa and O 
1sb. The former refers to the wurtzite lattice oxygens, while the latter indicates the 
presence of O2- ions in oxygen deficient regions, related to the presence of oxygen 
vacancies. The compositional percentages for O 1sa and O 1sb are provided in the 
respective figures for ZnO (Figure 7.11e) and ZnO@ZIF-8 (Figure 7.11f). The increase 
in the O 1sb component (and corresponding decrease of O 1sa) after the growth of 
the ZIF-8 shell indicates that the interfacial region of ZIF-8 and ZnO is oxygen 
deficient, which correlates with the theoretical explanation provided earlier. In 
addition, it was observed that ~38% of the oxygen signal for ZnO was related to 
oxygen vacancies, in agreement with the results discussed in the optoelectronic 
study provided in Chapter 6 and with the literature250. As such, this analysis of the O 
1s peak for ZnO and ZnO@ZIF-8 provides sufficient evidence, along with the previous 
characterization, to confirm the presence of the ZIF-8 shell on the ZnO NW cores. 
7.3.4 Optoelectronic behaviour of ZIF-8 functionalized ZnO nanowires 
UV-vis spectroscopy was used to study the optical properties of the ZnO@ZIF-8 core-
shell ZnO NWs with different shells. Figure 7.12a shows a comparison of the UV-vis 
absorption of ZnO, ZnO:Co, ZnO@ZIF-8, and ZnO:Co@ZIF-8. For clarity, the legend in 
the figure refers only to the shell or doping integrated in the samples, using the 
HMIM concentration or the nominal percentual doping. A stacked representation of 
the UV-vis spectra here discussed has been included in Figure 7.12b for clarity 
purposes. The discussion of ZnO and ZnO:Co was provided in Chapter 6.3.2 and is 
included here for comparison. As a reminder, the red-shift observed for ZnO:Co is a 
result of the presence of a strong sp-d exchange interaction278, with the shoulder at 
380 nm being characteristic of ZnO (marked by black arrow) and the defect band  




Figure 7.12. a) Ultraviolet-visible spectra of ZnO, ZnO:Co, ZnO@ZIF-8 and ZnO:Co@ZIF-8, showing the 
influence that the ZIF-8 shell has in the optical absorption properties of the ZnO NWs. The synergetic 
combination of Co-doping and ZIF-8 surface functionalization appears to be a promising approach for 
the enhancement of the functional performance of the ZnO NWs in photonic applications. The arrows 
indicate the shoulders discussed in the text: black for ZnO, red for Co-doping and blue for the ZIF-8 
shell. b) Stacked representation of the UV-vis spectra shown in a). 
signal at 540 nm indicated by the red arrow. First, when the ZIF-8 shell is included, 
the absorption in the UV-blue range (300 nm to 375 nm) remains similar to that of 
ZnO and ZnO:Co. The absorption spectrum also shows two clear shoulders centered 
around 395 nm and 430 nm (marked by the blue arrows). The peak at 395 nm is 
characteristic of ZIF-8279, while the one at 430 nm is still unidentified. The spectrum 
of ZnO:Co@ZIF-8 did not show this shoulder at 515 nm, suggesting that an in-depth 
analysis would be required to understand this shoulder. In addition, the shoulder at 
395 nm characteristic of ZIF-8 was also seen for ZnO:Co@ZIF-8. This shoulder was 
combined with the one at 405 nm originated from the Co-doping of the NWs. The 
spectrum also showed a remarkably large UV-vis absorption in the 300 nm to 425 nm 
region, the largest of the four samples studied in this comparative analysis. In 
addition, there is a red-shift of the light absorption of about 15 nm as this sample 
achieves at 395 nm an absorption similar to what the other three samples provide at 
380 nm. Therefore, the synergetic combination of Co-doping and ZIF-8 shell 
structuring shows promise in the enhancement of the optoelectronic properties for 
functional applications of the ZnO NWs.  
 The observation of the improvement of the light absorption properties of the 
functionalized ZnO NWs prompted further studies to unravel the influence of the ZIF-
8 shell and its synergetic combination with Co-doping had on the optoelectronic 
properties of the ZnO NWs. The experimental details of the techniques used here are 
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described in Chapter 4.10. Fast-transient absorption spectroscopy (FTAS) analysis, 
measured by a pump-probe method, was carried out to determine the bandgap of 
the ZnO, ZnO:Co and ZnO:Co@ZIF-8 structures. The first two were discussed in detail 
in Chapter 6.4.2, while the last one is the focus of this discussion. Nonetheless, false 
colour maps for all three have been included here for comparison purposes. The 
pump energy was 4.5 eV (275 nm) and the broad probe was in the UV-vis region. As 
a reminder, the ZnO NWs showed a narrow, negative signal, indicative of an 
absorption bleaching centered at 3.3 eV, which corresponds to the bandgap of ZnO 
(Figure 7.13 a), while the cobalt doping of ZnO:Co (Figure 7.13 b) induced a redshift 
of the bandgap to lower energies, with the absorption bleaching signal centered at 
3.18 eV, which equates to a wavelength shift of 15 nm. When the ZnO:Co NWs were 
functionalized with the ZIF-8 shell (Figure 7.13 c), the absorption bleaching signal is 
shifted further to 3.08 eV, with a less intense peak at the position of the bandgap of 
ZnO, which is attributed to the ZnO seed layer. The combined effect of this red-shift 
and the signal from the seed layer serve as an explanation for the large absorption 
observed in the UV-vis analysis shown in Figure 7.12. Nonetheless, the assumption 
that this signal is coming from the seed layer needs additional characterization to be 
confirmed. One significant feature of this FTAS analysis is how the bleaching signal of 
the ZnO:Co@ZIF-8 is much wider than for the other two samples studied, with a 
maximum of the bleaching signal going down to around 2.85 eV (435 nm). This can 
be correlated with the shift in the UV-vis absorption observed at around 405 nm in 
Figure 7.12. The FTAS signal observed at 2.25 eV for ZnO and ZnO:Co is an 
experimental artefact coming from the second order of the pump energy. 
To better represent the red-shift of the bandgap after doping with cobalt and 
functionalizing with ZIF-8, the normalized difference in absorbance (ΔA) as a function 
of probe energy at a probe delay of 1 ps is shown in Figure 7.13 d. The red-shift in 
the absorption bleaching observed in the false colour maps is clearly shown here. In 
addition, the large width of the bleaching signal of ZnO:Co@ZIF-8 can be observed 
easily in this representation. Remarkably, the absorption signal of ZnO:Co@ZIF-8 
extends over the entire probe range. The time dependence of the bandgap bleaching 
signal was studied for these three samples, as shown in Figure 7.13e. This analysis 
shows that a faster decay of the bandgap bleaching can be observed for ZnO:Co and  




Figure 7.13. Fast transient absorption spectroscopy false colour maps of a) ZnO, b) ZnO:Co and c) 
ZnO:Co@ZIF-8. d) Energy and e) time dependent analysis of the absorption bleaching signal for the 
three studied samples. f) Photoluminescence spectroscopy of ZnO, ZnO:Co, and ZnO:Co@ZIF-8, 
showing a quenched signal around the bandgap of ZnO. 
even faster for ZnO:Co@ZIF-8. This is attributed to alternative non-radiative decay 
pathways for the charge carriers, as a result of the introduction of a d-d transition in 
the bandgap by the effect of the Co-doping280, 281 and due to the presence of the ZIF-
8 shell. 
Photoluminescence (PL) spectroscopy analysis was carried out on ZnO, ZnO:Co 
and ZnO:Co@ZIF-8 to provide a better understanding of the influence of the ZIF-8 
shell on the optoelectronic properties of the ZnO NWs. The PL of ZnO shows a strong 
peak around 3.27 eV (Figure 7.13f), corresponding to the band edge (BE) 




recombination is significantly smaller, while a broader peak centered around 1.9 eV 
appears. This broad peak is attributed to the characteristic oxygen vacancies of 
ZnO.250, 259 In the case of the ZnO:Co@ZIF-8 core shell NWs, the BE is highly 
quenched, while the defect band of the oxygen vacancies still shows luminescence. 
The decrease in the PL intensity of the BE combined with the decrease in the decay 
time for the absorption bleaching signal (Figure 7.13e) in the presence of the Co 
doping and the ZIF-8 suggests two distinct and simultaneous influences, namely, the 
availability of multiple non-radiative recombination pathways and increased carrier 
trapping from the increased surface defects density in the presence of both the 
doping and the ZIF-8. The availability of the non-radiative recombination pathways 
was observed in the time dependent FTAS analyses, while the higher concentration 
of oxygen vacancies was a result obtained from the XPS analyses in Figure 7.11. The 
confirmation of these two characteristics of the ZnO:Co@ZIF-8 core-shell NWs shows 
promise towards the enhancement of the PEC performance of water splitting 
photoanodes based on these nanowires. 
7.4 Conclusions 
In this chapter, the surface functionalization of ZnO NWs, either undoped or doped 
with cobalt, was presented and discussed. Two different materials and integration 
approaches were used separately as functionalizing agents, namely iridium self-
assembled NPs and a MOF shell. The Ir self-assembled NPs were deposited by 
sputtering at relatively high base pressures, resulting in the development of Ir NPs 
on the lateral surface of ZnO NWs. The NWs were homogeneously decorated with 
these iridium NPs, which were observed in detailed morphological analyses by SEM 
and HRTEM that helped in demonstrating the integration of the Ir NPs on the ZnO 
NWs. It was shown that, by changing the deposition time in the sputter system, while 
maintaining other growth conditions constant, a direct increase of NP size from ~2 
nm to ~3 nm was achieved. This change in NP size had a clear influence on the optical 
absorption properties of the Ir-functionalized ZnO NWs, with the samples with larger 
NP size yielding a poorer performance than those with smaller NPs. Significantly, the 
presence of the homogeneous decoration of Ir NPs on the surface of the ZnO NWs 
was demonstrated by means of EDX elemental mapping.  
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 Regarding the MOF functionalization, ZIF-8, a Zn-based MOF, was chosen as the 
material to be used to form an outer shell that conformally coated the ZnO or ZnO:Co 
cores. Two different approaches, drop casting and spin coating, to integrate the MOF 
were investigated. Both were based on using the ZnO NWs as templates for the 
growth of the shell. Detailed SEM morphological analysis of both routes 
demonstrated that spin coating was the technique that was successful in terms of 
thickness control and long-range homogeneity. Drop casting yielded a ZIF-8 shell that 
bridged the gaps between individual NWs to the point of forming quasi-continuous 
ZIF-8 films, which was not the target outcome. In contrast, spin coating yielded shells 
with a controllable thickness that were constrained to their respective individual 
NWs. Changing the spin speed during the spin coating proved to be a successful 
strategy for controlling the thickness of these shells. HRTEM and EDX were used to 
study the morphological interplay between the ZnO:Co cores and ZIF-8 shells. This 
showed that the spin coated ZIF-8 shell conformally coated the ZnO:Co NW cores 
with a thickness of 2 nm. Moreover, the EDX elemental maps showed a 
homogeneous distribution of the Co-doping and nitrogen from the ZIF-8 shell, which 
served as further evidence of the successful integration of ZIF-8 and ZnO:Co NWs. 
 The chemical environment of these core-shell NWs was analysed using XPS. 
This analysis demonstrated that when comparing ZnO and ZnO@ZIF-8, an increase in 
the density of surface defects in the form of oxygen vacancies was observed, 
indicating the growth of the ZIF-8 shell. Finally, the optoelectronic properties of the 
ZnO:Co@ZIF-8 core-shell NWs were studied by means of UV-vis spectroscopy, FTAS 
and PL. The combined results of these three techniques demonstrated a synergetic 
integration of the ZnO:Co cores and ZIF-8 shells by which the optical absorption was 
largely improved in the UV and near blue region between 300 nm and 425 nm. In 
addition, this integration pointed towards the availability of non-radiative 
recombination pathways, which could have a beneficial use in functional photonic 
applications. Finally, the presence of an increasing density of oxygen vacancies was 
observed by these optical techniques, similarly to what was observed in Chapter 6, 
pointing towards a possible improvement of the functional application of these core-




ZnO NWs with enhanced optical properties were demonstrated, which show promise 







































This chapter describes the results obtained from a detailed study of the 
photoelectrochemical performance of the ZnO nanowire (NW) based photoanodes 
for water splitting. The nanomaterials used as photoanodes are those described in 
Chapters 5, 6 and 7, while the discussion of the theoretical principle of 
photoelectrochemistry is presented in Chapter 2.4. There are three main functional 
measurements used in this work to understand and quantify the performance of the 
NW-based photoanodes, namely cyclic sweeping voltammetry (CSV), both under 
illumination and in dark conditions, I-t amperometric measurements and the study 
of the incident photon-to-current efficiency (IPCE), which were described in Chapter 
2.4.3. Regarding the CSV, prior to the measurement, the samples were stabilized by 
running a set of cyclic potential sweeps for 10 minutes to ensure that no transitionary 
effects were in place and that the measurement would accurately reflect the stable 
functional behaviour. These three techniques provide information regarding the 
maximum current density generated by the photoanodes, their on-off behaviour and 
the efficiency with which they convert the incoming photons into current. Different 
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types of ZnO NWs were studied in order to understand how the performance of base 
ZnO NWs could be enhanced by means of cobalt doping and through surface 
functionalization with a metal-organic framework (MOF). In this case, the zeolitic 
imidazolate framework 8 (ZIF-8) was selected. The overall goal was finding the 
optimal configuration that would maximise the photoelectrochemical (PEC) 
performance with the materials studied. The discussion presented in this chapter has 
this core concept as the focal point.  
8.2 Key technical and experimental details 
All of the nanowires discussed in this chapter were grown on indium-tin oxide (ITO) 
substrates, using a textured ZnO seed layer deposited by sol-gel processing. The NWs 
were grown by chemical bath deposition (CBD), with a growth time of 6 hours and 
equimolar reagent concentration of 25 mM. The specifics of the Co-doping and the 
ZIF-8 surface functionalization are discussed in this chapter in terms of the nominal 
percentage of cobalt doping and the concentration of the organic linker (2-
methylimidazole, HMIM), respectively. The discussion of the morphology and the 
optical properties of the undoped, doped and surface functionalized NWs was 
provided in the earlier chapters.  
All the photoelectrochemical measurements in this chapter were carried out 
under AM 1.5 G illumination (either continuous or time chopped, with the chopping 
done manually) and, unless stated otherwise, the applied potential was 1.33 V 
relative to the reversible hydrogen electrode (RHE), abbreviated here as 1.33 VRHE. 
The definition of the illumination used was provided in Chapter 2.4.2. For the CSV 
measurements and unless otherwise specified, a single cycle is shown. More details 
on the experimental characteristics of the measurements were provided in Chapter 
4.11.  
8.3 Photoelectrochemical analysis of ZnO nanowires 
The first step in the PEC analysis of the NW-based photoanodes was to assess the 
properties of undoped, non-functionalized ZnO NWs. Figure 8.1a shows the CSV in 
two different conditions, under illumination (labelled as light) and in dark conditions, 
with no illumination (labelled as dark). The CSV in dark conditions shows that the ZnO 
NWs do not generate any photocurrent within the studied potential region. There is  




Figure 8.1. Photoelectrochemical characterization of ZnO nanowire-based photoanodes. a) Cyclic 
sweeping voltammetry (CSV) under illumination and in dark conditions. The red and black arrows 
indicate the anodic and cathodic peaks observed in the voltammetry as a result of the liquid junction 
potential. b) Transient amperometric analysis obtained at 1.33 VRHE under time-chopped AM 1.5 G 
illumination. c) Incident photon-to-current efficiency, measured at 1.33 VRHE. 
a large cathodic peak at -0.51 V that was the result of a measurement artefact. The 
reference electrode used for this measurement was kept in deionized water (DI 
water) salt bridge (see Chapter 2.4.3), while the working electrolyte was an aqueous  
KOH solution of pH 13. Thus, a liquid junction potential was generated between the 
two different liquids, which resulted in the large cathodic peak observed, indicated 
by the red arrows. This experimental mistake was corrected for the other measured 
samples. The theory behind the liquid junction potential was provided in Chapter 
2.4.3. There are two peaks corresponding to anodic currents at -0.43 V and -0.18 V 
(indicated by the red arrows) that are attributed to the stabilization of the electrode, 
due to the presence of the liquid junction potential between the DI water and the 
electrolyte. Therefore, the experimental error induced by the liquid junction 
potential resulted in the respective reduction and oxidation reactions for the 
cathodic and anodic peaks, thus the presence of these peaks. In summary, the CSV in 
dark conditions showed that, for the potential range studied, ZnO does not generate 
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any meaningful current density outside of those peaks coming from the formation of 
a liquid junction potential.  
 Under illumination, the CSV also shows the same cathodic and anodic peaks 
related to the formation of the liquid junction potential but the anodic peak is more 
prominent due to the additional photonic excitation induced by the light source. As 
the applied potential increases, the photogenerated current density increases, 
starting from around 0.05 V. This increased continuously until a maximum current 
density of 0.08 mA cm-2 was obtained at the maximum applied potential of 1.33 VRHE. 
Regarding the cathodic part of the voltammogram, there is a broad negative peak in 
the current density in the potential region between -0.3 V and 0.3 V that was not 
observed in the dark voltammetry. This peak is related to the presence of stable 
oxygenated reaction intermediates (peroxides, superoxides) on the surface of the 
ZnO NWs282. These intermediates are stabilized by the abundant surface defects of 
ZnO, more specifically oxygen vacancies283. These oxygen vacancies were briefly 
mentioned in Chapter 3.2 and observed in the results shown in Chapter 6.4 and 7.3.  
Considering now the time dependent response, the on-off response to 
illumination of the ZnO NW photoanode was studied by means of transient 
amperometric analysis (Figure 8.1b). This measurement was carried out under AM 
1.5 G time-chopped illumination, with each on and off pulse corresponding to the 
illuminated and dark periods lasting 15 seconds, which was chosen to ensure enough 
time to obtain a stable signal. In the first three on-off illumination cycles, there is a 
steady increase in the maximum current density obtained. After the third cycle, the 
current density remains constant for all the subsequent switching cycles. The 
maximum value of the current density obtained was 0.9 mA cm-2, almost 10% higher 
than what was seen in the CSV of Figure 8.1a. In addition, the initial illumination 
cycles show transitionary behaviour during the 15 second windows in which the 
current density slowly increases, which diminished in the later cycles. With regards 
to the off cycles, in dark conditions, it can be seen that the current density is at or 
close to 0 mA cm-2 for all the cycles, corresponding to what was observed in the dark 
CSV. All in all, the ZnO NW-based photoanode shows an adequate on-off behaviour 
in which the on and off switching of the illumination source is immediately followed 




by the response of the photoanode, with very sharp edges that represent response 
times of around 200 ms.  
 The IPCE measurement of the ZnO NW-based photoanode is shown in Figure 
8.1c. It was carried out as an energy sweep that ranged from 300 nm to 750 nm. For 
this, the light source was passed through a monochromator before impinging on the 
photoanode to select single wavelength photons. The IPCE is deeply bound to the 
optical properties of the ZnO NWs, which were detailed in Chapter 6. The active 
region of the as-grown ZnO NW-based photoanode is in the range from 300 nm to 
400 nm. From 400 nm until 750 nm, the value of the IPCE remains close to 0%, hence 
the break in the x-axis in the plot. Significantly, the maximum IPCE is achieved at 350 
nm, yielding a value of 38%. For shorter wavelengths down to 300 nm, the IPCE 
decreases steadily until it reaches a minimum of 11% at 305 nm. For longer 
wavelengths, the IPCE also decreases, reaching a value of 1.6% at 400 nm. Thus, the 
window in which the ZnO NWs are photoactive is constrained to the near ultraviolet 
(UV) and blue region. The UV-visible absorption spectra of Figure 6.2 showed that 
the ZnO NWs absorbed in the near UV and blue region, while the absorption signal 
in the rest of the visible region was attributed to the scattering of light caused by the 
NWs, hence why this signal does not necessarily translate into photocatalytic activity. 
Considering this light scattering and the characteristic overpotential22, 284 of the 
water splitting process (see Chapter 2.4.1), which means that there is a minimum 
amount of energy that is required to initiate the water splitting process, it is safe to 
assume that the absorption signal at low energies was not a big enough contribution 
to overcome the oxidation of water overpotential OPOER, which explains why the IPCE 
reaches almost zero at 400 nm, while the UV-visible absorption of the ZnO NWs spans 
almost the whole visible region.  
8.4 Influence of cobalt doping on the photoelectrochemical 
performance of ZnO nanowires 
The first enhancement of the photoelectrochemical (PEC) performance of the ZnO 
NWs that was studied was the use of cobalt doping. In this case, three different levels 
of nominal cobalt doping were studied, specifically 1%, 5% and 20%. Nominal doping 
refers to the ratio between cobalt nitrate and zinc nitrate introduced in the growth 
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solution, with the real value of cobalt integrated being difficult to accurately 
determine, but expected to be lower than the nominal percentage here provided, as 
described in Chapter 4.5.1. The results shown in Figure 8.1 for the undoped ZnO NWs 
were also included here on a comparative basis. The CSV in dark conditions for the 
undoped and Co-doped ZnO NWs are shown in Figure 8.2a. The main feature 
observed in this analysis is that the peaks related to the formation of a liquid junction 
potential for ZnO were not present for any of the doped samples. No current density 
was generated in the anodic sweep of the potential range, similarly to what was seen 
for ZnO. A small cathodic current was observed for 1% ZnO:Co and 20% ZnO:Co at 
around 0.12 V, which may be related to the presence of stable oxygenated reaction 
intermediates as previously explained. However, this was not seen for 5% or 10% 
doping so there is no certainty on whether this is a physical feature of the two 
systems or just an artefact during the measurement.  
 The CSV under illumination for the undoped and Co-doped ZnO NWs is 
presented in Figure 8.2b. Considering the 1% ZnO:Co, this doping level provides the 
highest current density out of the three levels studied, reaching a maximum current 
density of 0.12 mA cm-2 at 1.33 VRHE, which is a 50% increase compared to ZnO. There 
is a very significant cathodic current in the 0.3 V to -0.3 V applied potential region, 
larger than that of ZnO, which is related to the increasing concentration of oxygen 
vacancies associated with the cobalt doping, as described in Chapter 6.4. The large 
amount of these surface states prompts the stabilization of a high number of 
oxygenated intermediate species that are the cause of the large cathodic current 
shown in this region285. In fact, this cathodic current increased with the number of 
CSV cycles studied. For this analysis, two consecutive cycles were analysed, with the 
results from the second cycle being used in the comparative figures. The second cycle 
was selected as the one to include in the comparative figures as it was deemed to be 
a more accurate representation of the real performance than the first one due to 
possible transitionary components that could be observed in the first cycle. Figure 
8.2c shows the two cycles studied for 1% ZnO:Co. It can be seen that the cathodic 
current in the low applied potential regions increased from the first to the second 
cycle, a sign that the stabilization of the oxygenated intermediates was an ongoing  
 





Figure 8.2. Cyclic sweeping voltammetry analysis of undoped and ZnO:Co samples in a) dark conditions 
and b) under illumination. Two consecutive cyclic sweeping voltammetry cycles of c) 1% ZnO:Co, d) 
5% ZnO:Co and e) 20% ZnO:Co. 
process. It is suspected that this cathodic current would reach a maximum once the 
surface states of 1% Co ZnO:Co are completely filled.  
 Once the doping level was increased to 5% ZnO:Co, the current density 
obtained at 1.33 VRHE was reduced to 0.09 mA cm-2 compared to 1% ZnO:Co, a 25% 
reduction. The cathodic current in the low applied potential region is also present for 
this sample, although this current is shifted to the 0 V to -0.5 V potential region. The 
two CSV cycles shown in Figure 8.2d for 5% ZnO:Co show that the cathodic current is 
similar in both cycles, albeit slightly smaller for the second one, which contrasts with 
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what was observed for 1% ZnO:Co. Considering the 20% ZnO:Co sample, the current 
density obtained for this high doping level at 1.33 VRHE was 0.07 mA cm-2, which is 
smaller than that of undoped ZnO. The cathodic current observed for this sample was 
similar to the one of ZnO. In fact, this cathodic current was very small in the first cycle 
of the analysis (Figure 8.2e), but increased significantly in the second CSV cycle. 
 After analysing the influence of the Co-doping in the CSV analysis, the on-off 
illumination behaviour of these photoanodes was studied by transient amperometric 
measurements of the four samples (Figure 8.3a). The deviations observed in the on-
off cycle times are due to the manual chopping of the illumination. The 1% ZnO:Co 
photoanode showed the largest current of the Co-doped photoanodes, yielding a 
maximum current density of 0.110 mA cm-2, slightly lower than what was observed 
in the CSV. Significantly, there is a downwards trend of this current density for the 
last few cycles of the analysis, reaching 0.107 mA cm-2 for the last cycle. The on-off 
illumination behaviour of this sample is similar to that of undoped ZnO, while still 
showing the transitionary increase of the current density at each on cycle, similar to 
ZnO. Considering the 5% ZnO:Co photoanode, the current density obtained in the 
amperometric analysis was lower than that observed in the CSV, showing a value of 
0.075 mA cm-2 compared to the 0.090 mA cm-2 of the CSV. This sets this current below 
that of ZnO while the opposite was observed in the CSV study. The reason for this 
may be attributed to the disappearance of the liquid junction potential, although 
more analysis would be required to prove this hypothesis. Nonetheless, the on-off 
behaviour of this photoanode is similar to that of the previously discussed samples. 
The transitionary increase of the current density in the on cycles is still present. The 
current density provided by the 20% ZnO:Co sample in the amperometric analysis is 
of 0.065 mA cm-2, a value similar to the 0.070 mA cm-2 observed in the CSV. This 
photoanode shows a similar on-off behaviour to the other samples, with sharp 
transitions between the on and off states. The three doped samples show a similar 
transition response to the on-off illumination switching, with a response time 
between both states of 200 ms, same as that of ZnO. 
The wavelength-dependent measurement of the IPCE of the undoped and Co-
doped samples is shown in Figure 8.3b. The 1% ZnO:Co photoanode shows the largest  
 





Figure 8.3. a) Transient amperometric analysis with chopped on-off illumination and b) incident 
photon-to-current efficiency measurement of undoped and cobalt-doped ZnO nanowire-based 
photoanodes. These were carried out at 1.33 VRHE under AM 1.5 G illumination (chopped and 
continuous, respectively). 
IPCE of the four samples studied, achieving 51% IPCE at 305 nm, which is almost a 
40% increase with the respect to ZnO. Significantly, the cobalt doping boosts the IPCE  
in the UV region to values much larger than those observed for ZnO. The IPCE 
obtained in this region for ZnO was 11% at a wavelength of 305 nm. Considering the 
longer 350 nm wavelength, 1% ZnO:Co shows an IPCE of 52%, slightly larger than that 
of undoped ZnO. There is a small red-shift in the IPCE for 1% ZnO:Co compared to 
ZnO, observed at 370 nm, which correlates with the results obtained from the 
optoelectronic characterization discussed in Chapter 6.4. Considering the 5% ZnO:Co 
photoanode, the IPCE obtained at 350 nm is 41%, which is 10% lower than for the 1% 
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doped sample. The enhancement of the IPCE in the UV region is also present, albeit 
with a less impactful improvement than for the 1% Co-doped sample, achieving an 
IPCE of 41% at 305 nm. No significant red-shift was observed for this sample. Finally, 
the 20% ZnO:Co photoanode shows a very similar IPCE curve to 5% ZnO:Co, with 
almost no difference in the IPCE value obtained at 350 nm; considering the signal at 
305 nm, the IPCE of 20% is reduced to 38%, a slight reduction compared to 5% 
doping. Nonetheless, the 20% samples showed a consistent 5 nm red-shift in the IPCE 
spectrum compared to ZnO. This red-shift does not directly match with what was 
observed in the optical characterization of the sample, which was attributed to the 
water splitting overpotentials mentioned earlier in Chapter 8.2. 
 The photoelectrochemical characterization provided here for the ZnO:Co 
photoanodes clearly showed that a 1% nominal doping yielded the best results in 
terms of current density photogenerated and IPCE. Remarkably, as the cobalt doping 
was increased, the PEC performance of the NWs diminished. The explanation for this 
effect can be directly related to the optoelectronic characterization shown in Chapter 
6. Effectively, as the doping concentration was increased, the density of the surface 
defects on the NWs also increased. In principle, the surface defects act as non-
radiative trap sites (mentioned in Chapter 6 as charge carrier trapping sites) that help 
the separation of the photogenerated electron-hole pairs, by trapping the electrons 
in these surface defects that are related to the sp-d localized states introduced by 
the cobalt doping286, 287. In this way, the photogenerated holes, which initiate the 
water splitting process (see Chapter 2.4.1), are separated from the electrons and can 
reach the water, initiating the water splitting process and contributing towards the 
photocurrent and, therefore, to the IPCE. This enables the high values obtained for 
both the photocurrent and IPCE for the cobalt-doped ZnO NW samples. However, 
this mechanism is true only for the 1% ZnO:Co sample, as evidenced by the trend 
shown in the PEC measurements. As the cobalt doping increases, it is proposed that 
the density of surface defects that produce trap states becomes so high that they 
form a continuous pathway through which the carriers can move. This correlates with 
the CL analysis provided in Chapter 6.4.3. Therefore, these trap states no longer act 
as non-radiative recombination sites that separate the photogenerated charges and, 
instead, act as a secondary pathway for these carriers. As a result, the rate at which 
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the photogenerated holes are separated from the electrons is greatly reduced, 
resulting in a lower current density, which is therefore less efficient, as shown in the 
CSV and IPCE measurements. Thus, 1% Co-doping was selected as the ideal nominal 
doping value owing to its superior photoelectrochemical performance due to its 
enhanced charge separation mechanism. 
8.5 ZIF-8 shell influence on undoped ZnO nanowires 
The second enhancement of the photoelectrochemical (PEC) performance of the ZnO 
NWs that was studied was the surface functionalization of the ZnO NWs with a ZIF-8 
shell. For this, a study of the influence of the ZIF-8 on undoped ZnO NWs was carried 
out. The ZIF-8 shell was deposited accordingly to the conditions of the one that 
yielded the best morphological and optoelectronic properties, as per the results 
shown in Chapter 7.3. In short, this ZIF-8 shell was deposited by spin coating a 
methanol solution containing a 1 M concentration of the 2-methylimidazole organic 
linker, using a spin speed of 5000 rpm for 30 seconds. The subsequent step was the 
pre-growth evaporation of the solvent, carried out at 65°C for 5 minutes. Finally, the 
ZIF-8 shell was grown at 160°C for 15 minutes. Unless otherwise specified and from 
now, whenever the term ZIF-8 appears as part of the name of a sample, it will refer 
to this particular growth conditions. A detailed description of the growth of the ZIF-
8 shell was provided in Chapter 4.6.2.  
 The CSV under dark conditions of ZnO and ZnO@ZIF-8 1 M is shown in Figure 
8.4a. This voltammetry shows that the introduction of the ZIF-8 shell does not induce 
any dark current, replicating the results obtained for undoped and Co-doped ZnO 
NWs. There is a small cathodic current at around 0.15 V, although its magnitude was 
not significant. The CSV under illumination (Figure 8.4b) shows that the integration 
of the ZIF-8 shell as surface functionalization greatly enhances the PEC performance 
of the ZnO NW photoanodes. In particular, ZnO@ZIF-8 1 M shows a current of 0.120 
mA cm-2 at 1.33 VRHE, a 50% increase over ZnO. This increase was similar in value to 
the improvement seen for the 1% ZnO:Co, hinting at the possibility of integrating 
these enhancers together. More importantly, the presence of the ZIF-8 completely 
eliminates the cathodic current seen for the undoped and Co-doped NW-based 
photoanodes in the low applied potential region. This means that the stable  




Figure 8.4. Cyclic sweeping voltammetry analysis of ZnO and ZnO@ZIF-8 a) in dark conditions and b) 
under illumination. c) Two consecutive voltammetry cycles under illumination. d) Linear sweeping 
voltammetry of a ZIF-8 thin film. e) Transient amperometric study and f) incident photon-to-current 
efficiency of ZnO and ZnO@ZIF-8. The amperometric study and incident photon-to-current efficiency 
were carried out at 1.33 VRHE under AM 1.5 G illumination (chopped and continuous, respectively). 
oxygenated intermediates that were the source of this cathodic current are no longer 
formed on the core-shell NWs. This is attributed to the fact that the ZIF-8 shell 
passivates the external surface of the NWs, quenching the formation of the stable 
intermediates as it supresses the surface defects of ZnO273. Considering the two 
subsequent CSV cycles under illumination shown in Figure 8.4c, it can be seen that 
the ZIF-8 shell stabilizes the performance of the photoanodes over the separate 
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cycles. In contrast, for both undoped and Co-doped NWs, it was shown that the 
cathodic current induced differences for the consecutive voltammetry cycles.  
 One additional topic to discuss with regards to the voltammetry of the core-
shell NWs is where the photocurrent is being generated or, in other words, whether 
the ZIF-8 shell generates any meaningful current or not. In Chapter 7.3.4 it was 
demonstrated that the ZIF-8 shell enhances the optoelectronic properties of the ZnO 
NWs and, thus, it is possible that they have some photoactivity. To prove this, a ZIF-
8 thin film was grown on an ITO substrate. For this, a ZnO seed layer was deposited 
and subsequently converted to ZIF-8 by the same process with which the ZIF-8 shell 
is grown. Then, a cyclic voltammetry study was carried out on this sample, both in 
dark conditions and under illumination, as shown in Figure 8.4d. While in dark 
conditions the ZIF-8 film generates no current density, it does generate a 
photocurrent when subjected to illumination. Nonetheless, this photogenerated 
current is rather low, being one order of magnitude smaller than any other reported 
current density so far. This correlates with the considerably smaller contribution of 
the ZIF-8 shell to the total mass of the core-shell NW structure discussed in Chapter 
7. All in all, this demonstrates that ZIF-8 is photoactive, meaning that it generates 
electron-hole pairs that produce a current density when subjected to an illumination. 
This is in line with other works in the literature that use ZIF-8 for different photonics 
based applications271, 288. 
 Attending to the transient amperometric studies of ZnO and ZnO@ZIF-8, Figure 
8.4e shows on-off illumination behaviour equivalent to that previously discussed for 
undoped and doped samples, with sharp switching peaks between the two regimes. 
The core-shell sample shows two distinct components to this behaviour that contrast 
with the previously discussed photoanodes. First, the current density obtained in the 
initial amperometric cycle is similar to that observed in the CSV. However, this 
current steadily decreases with increasing cycles down to 0.108 mA cm-2 for the last 
cycle. This is attributed to a stabilization process of the shell that would take place in 
form of the removal of any residual molecules from the growth within the pores of 
ZIF-8, although there was no conclusive proof to demonstrate this hypothesis. 
Second, the current density obtained in this measurement is stable throughout the 
whole cycle (with the exception of the very first one), which is opposite to what was 
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previously observed for the NWs without a shell, in which the current density 
increased during each illumination cycle.  
The IPCE of ZnO and ZnO@ZIF-8 is shown in Figure 8.4f. The integration of the 
ZIF-8 boosts the IPCE of the ZnO NWs similarly to 1% ZnO:Co, with the IPCE at 350 
nm being 48% for the core-shell NWs. Furthermore, a greater enhancement from the 
shell occurs in the UV region, as demonstrated by the 53% IPCE obtained at 305 nm, 
which is larger than any of the previously discussed samples. The reason behind this 
improvement can be found in the optoelectronic properties of ZIF-8. ZIF-8 is a 
material known for its considerable light absorption in the UV region289, as was 
shown in Figure 7.12 of Chapter 7.3.4. That large absorption in the UV region is 
translated into the enhancement of the IPCE in the 300 nm to 350 nm region. The 
fact that no spectral shift in the IPCE was observed is in good agreement with the 
aforementioned UV-vis results.  
 As a summary, the integration of the ZIF-8 shell with ZnO NWs resulted in a 
successful improvement of the PEC performance of the photoanodes. This is due 
mainly to the joint effects of the surface passivation provided by the ZIF-8 shell, which 
supresses the typical surface defects of ZnO, and the intrinsic photoactivity of ZIF-8. 
These results suggest that there is a synergetic interplay between the ZnO NW core 
and the ZIF-8 shell, which is explored and detailed in a later section of this chapter. 
8.6 Influence of the ZIF-8 shell on the photoelectrochemical 
performance of cobalt doped ZnO nanowires 
Based on the promising results that the Co-doping and ZIF-8 functionalization 
separately yielded on the PEC performance of the ZnO NW-based photoanodes, it 
was decided to bring these two strands of work together. For this, the ZnO NWs were 
doping with a nominal 1% Co-doping and subsequently functionalized with a ZIF-8 
shell deposited with a 1 M concentration of the organic linker. The results of the 
detailed PEC study of this sample (1% ZnO:Co@ZIF-8 1 M, labelled as ZnO:Co@ZIF-8 
for simplicity) are shown in Figure 8.5 and compared to those of ZnO, 1% ZnO:Co and 
ZnO@ZIF-8 1 M. The CSV in dark conditions (Figure 8.5a) shows that ZnO:Co@ZIF-8 
has very similar behaviour to ZnO@ZIF-8, with no dark current generated at any 
applied potential and only a small cathodic current at 0.15 V. The CSV under  
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Figure 8.5. Comparative photoelectrochemical study of ZnO, ZnO:Co, ZnO@ZIF-8 and ZnO:Co@ZIF-8. 
Cyclic sweeping voltammetry a) in dark conditions and b) under illumination, c) transient 
amperometric study and d) incident photon-to-current efficiency measurement. The amperometric 
study and incident photon-to-current efficiency were carried out at 1.33 VRHE under AM 1.5 G 
illumination (chopped and continuous, respectively). 
illumination of ZnO:Co@ZIF-8 (Figure 8.5b) shows that the joint effects of Co-doping 
and ZIF-8 functionalization enhance the current density generated by this integrated 
photoanode, achieving a value of 0.150 mA cm-2 at 1.33 VRHE, which is almost double 
the value of the base ZnO NWs. This demonstrates that there is a synergetic 
interaction between the ZnO:Co core and the ZIF-8 shell, by which the PEC 
performance is considerably boosted. Another interesting feature of this 
voltammetry is the presence of a small cathodic current around 0.15 V, which is 
attributed to the presence of the Co-doping in the ZnO NW core. The Co-doping in 
ZnO:Co induced a large cathodic current related to the introduction of surface 
defects on the ZnO NWs and, even if the ZIF-8 shell was proven to successfully 
supress these defects for ZnO, the presence of the Co-doping still induced the small 
cathodic current seen for ZnO:Co@ZIF-8 in this CSV.  
 The transient amperometric study of ZnO:Co@ZIF-8, shown in figure 8.5c, has 
two main crucial features compared to ZnO@ZIF-8. First, the transitionary state of 
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the initial illuminated cycles is much more significant, with the current density falling 
significantly for the first five cycles. Second, this decline is stabilized for the later 
cycles, a feature not present in ZnO@ZIF-8. This suggests that the photogenerated 
current density of ZnO:Co@ZIF-8 would, in principle, be more stable over a longer 
time for the doped-core-shell ZnO NWs. Once in a stable state, this current has a 
value of 0.14 mA cm-2, which is comparable with the 0.15 mA cm-2 obtained from the 
CSV. The on-off illumination switching behaviour of ZnO:Co@ZIF-8 is comparable to 
the other samples studied, with very sharp switching edges. The IPCE analysis of the 
doped-core-shell NWs is shown in Figure 8.5d. The combined influence of the Co-
doping and ZIF-8 surface functionalization boosts the IPCE of ZnO:Co@ZIF-8 to almost 
78% in the UV region (at 305 nm), while the IPCE at 350 nm achieves a value of 75%, 
one and a half times higher than any other IPCE shown here. Furthermore, the IPCE 
of ZnO:Co@ZIF-8 shows a 15 nm red-shift compared to ZnO, which directly correlates 
with the optoelectronic characterization shown in Chapter 7.3.4. These results clearly 
demonstrate the potential improvement that the integration of cobalt doping and 
surface functionalization with ZIF-8 can have on the photoelectrochemical 
performance of ZnO NWs, especially in terms of the largely enhanced current 
generation efficiency in the near-ultraviolet and blue region of the electromagnetic 
spectrum. 
8.7 Study of different ZIF-8 shells on the on the 
photoelectrochemical performance of cobalt doped ZnO 
nanowires 
Overall, the integration of the 1 M ZIF-8 shell with the 1% ZnO:Co has been shown 
quantitatively to be the most effective photoanode studied so far. The synergetic 
combination of Co-doping and ZID-8 shell enhanced the photogenerated current 
density as well as the efficiency with which it is generated. Nonetheless, only one 
condition for the growth of the shell was investigated so far and there needs to be a 
clearer picture on whether using a 1 M concentration will yield the best performance. 
For this, a study of the PEC performance of doped-core-shell NWs with different shell 
growth concentrations was carried out. As the mechanistic benefits of the core-shell 
integration were discussed previously, only the CSV under illumination and the IPCE 
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are discussed for the different shells. Two organic linker concentrations (0.25 M and 
0.5 M) were studied. As shown from the CSV under illumination in Figure 8.6a, the 
highest current density is still achieved by the 1 M shell. Both 0.25 M and 0.5 M 
provide similar current densities (0.130 mA cm-2 and 0.135 mA cm-2, respectively), 
with values lower than the current density obtained for ZnO:Co@ZIF-8 1 M (0.150 
mA cm-2). Nonetheless, the influence of the shell on the cathodic current around 0.15 
V is still visible, with this current being almost completely supressed.  
With regards to the IPCE (Figure 8.6b), a similar result was obtained: 
ZnO:Co@ZIF-8 1 M provides a considerably larger efficiency than either ZnO:Co@ZIF-
8 0.25 M or ZnO:Co@ZIF-8 0.5 M. These two samples provide IPCE values of 51% and 
57% at 350 nm, far lower than the outstanding 75% of ZnO:Co@ZIF-8 1 M. 
Interestingly, there is also a shift in the IPCE trend in the UV region. From 370 nm to 
320 nm, which is the region of highest IPCE, the ZnO:Co@ZIF-8 0.5 M samples shows 
higher efficiency than the 0.25 M sample. However, from 320 nm 300 nm, the 
ZnO:Co@ZIF-8 0.25 M sample shows more efficient performance, with the respective 
IPCE at 305 nm being 64% and 51% for ZnO:Co@ZIF-8 0.25 M and ZnO:Co@ZIF-8 0.5 
M. From these results, it can be seen that the 1 M concentration of the organic linker 
provided the best PEC performance out of those studied. Using higher concentrations 
was deemed unnecessary as it was believed that the shell would be thicker than 
envisioned (based on the SEM study from Chapter 7.3.2), which means that the 
ZnO:Co core would not be as readily available for the photogeneration of carriers to 
start the water splitting process, ultimately rendering the ZIF-8 shell functionalization 
meaningless. Therefore, it has been proven that the synergetic combination of cobalt 
doped ZnO cores and ZIF-8 shell drastically enhances the PEC performance of the 
base ZnO NWs. Nonetheless, a deeper understanding of the mechanism behind this 
enhancement is required to fully develop this core-shell photoanodes as a 
competitive alternative to other materials.  
Figure 8.6c shows a comparative plot of the IPCE values obtained at the 
discussed wavelengths (305 nm and 350 nm) for ZnO NWs without surface 
functionalization and those with the different studied shells, i.e. those with different 
organic linker concentration. At 305 nm, the trend observed resembles a multi- 




Figure 8.6. a) Cyclic sweeping voltammetry under AM 1.5 G illumination and b) incident photon-to-
current efficiency study of doped-core-shell nanowire photoanodes. The shells were grown using 
different organic linker concentrations. c) Comparative plot of the incident photon-to-current 
efficiency values obtained at 305 nm and 350 nm for the different organic linker concentrations 
studied. The dashed lines are included for readability purposes. 
exponential curve, with 0.25 M concentration providing a larger IPCE than 0.5 M. 
Considering the 350 nm wavelength, it can be observed that the IPCE increases with 
higher organic linker concentration following an almost linear trend. No numerical 
fitting of these two curves was carried out as it was deemed that more experimental 
values of the HMIM concentration should be explored before confidently 
establishing a trend that governs the relation between IPCE and HMIM 
concentration. The excellent results obtained in this thesis in terms of IPCE, in 
particular for the ZnO:Co@ZIF-8, as detailed in our recent publication90, clearly 
demonstrate that the results obtained in this work are not only competitive, but they 
also outperform the data reported in the literature for similar material systems, such 
as that of Li et al.89 and those discussed in Chapter 2.4.4. Furthermore, this work 
clearly demonstrates that a careful modulation of the properties of the ZnO NWs is 
crucial for device performance. For instance, this work shows how the performance 
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of the photoanodes can be tuned from subpar to an excellent performance by 
smartly addressing the main intrinsic shortcomings of ZnO as a material for water 
splitting photoanodes. 
8.8 Working mechanism for functional performance of core-
shell ZnO nanowires 
In order to understand the functional mechanism that governs the carrier generation 
and transfer within the ZnO:Co@ZIF-8 NWs, additional photoelectrochemical 
analyses are required. For this, one key metric of the performance of the 
photoanodes is missing from the previous analysis: the stability. Stability here refers 
to the variation over time of the photogenerated current. Here, the current density 
was studied over a period of 5000 seconds under AM 1.5 G illumination and an 
applied potential of 1.33 VRHE. The results of this stability analysis are shown in Figure 
8.7a for ZnO, ZnO:Co, ZnO@ZIF-8 and ZnO:Co@ZIF-8. Before delving into the details 
of the analysis it is worth mentioning that the numbers shown at the end of each 
plot, and coloured accordingly, refer to the total current density lost during the 
experimental time measured from an initial stable point (1000 seconds) until the end 
point (5000 seconds). 1000 seconds was selected as a stable time due to the initial 
transitionary state that all the samples present, which would have made the 
comparisons inaccurate. As such, the percentage values shown in Figure 8.7 a were 
obtained accordingly to the following expression, 
 
%𝑑𝑒𝑐𝑎𝑦 = 100 −
𝑗𝑡=5000 𝑠
𝑗𝑡=1000 𝑠
∗ 100 [Eq. 8.1] 
where jt=1000 s and jt=5000 s correspond to the current densities obtained at the 
respective times and %decay represents the total current lost during the experiment. 
Considering first ZnO, it can be seen that 36.6% of the initial current is lost at the end 
of the experiment. By 2000 s, the current density was already decaying, indicating 
very poor stability under the working conditions described here. The stability of ZnO 
in photoelectrochemistry is known to be an issue290 that is directly related to the 
surface defects of the material. This is especially true for the ZnO NWs due to the 
large surface to volume ratio. These surface defects stabilize the aforementioned 
intermediate oxygenated species (peroxides, superoxides), which are the principal 
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cause of the photocorrosion of ZnO291, 292. Photocorrosion is a light-induced process 
caused by photogenerated carriers that results in the degradation of the surface of 
the light absorbing material. As the external surface of the ZnO NWs is the location 
of the catalytic activity for the water splitting process, this region is the most affected 
by the photocorrosion. Therefore, the presence of these oxygenated species 
(evidenced by the cathodic current seen in the low applied potential region) is a 
direct indication of the photocorrosion processes that cause the large %decay seen for 
ZnO.  
 Regarding ZnO:Co, the introduction of the doping reduces the current decay 
with respect to ZnO, resulting in a %decay of 29.8%. It is suggested that this reduction 
is related to the sp-d states introduced in the bandgap by the Co-doping, which act 
as charge separation centres and, therefore, reduce the number of charge carriers 
available to take part in the photocorrosion process247. The introduction of the ZIF-8 
shell in ZnO@ZIF-8 further reduced the %decay to 21.9%, a 10% reduction compared 
to ZnO:Co. This reduction in the decay over time of the current density is attributed 
to the suppression of the surface defects by the ZIF-8 shell272. As seen in the CSV in 
Figure 8.4b, the shell eliminated the cathodic current resulting from the surface 
defects, thus increasing the average lifetime of the photoanode. Finally, 
ZnO:Co@ZIF-8 showed a further reduction of the %decay down to 17.7% over the time 
of the analysis, as predicted from the transient amperometric analysis of Figure 8.5c. 
This improvement in the current decay can be attributed to the synergetic interplay 
between the Co-doping and the ZIF-8 shell. Thus, not only is ZnO:Co@ZIF-8 the 
highest performing photoanode, but it is also the one with the longest functional 
lifetime owing to its current decay.  
Mott-Schottky measurements were carried out in an effort to better 
understand the relative position of the conduction band of the photoanodes that 
helped develop a theoretical mechanistic model of the water splitting. Details of the 
Mott-Schottky measurements and the theory behind them were provided in Chapter 
2.4.3. The relative positions of the conduction bands with respect to the applied 
potential are indicated by the intercepts of the linear best fitting lines (flatband 
potential) shown in Figure 8.7b. As these positions are relative, the discussion will be 
made on a comparative basis. 




Figure 8.7. a) Stability over time of the photogenerated current and b) Mott-Schottky measurements 
of ZnO, ZnO:Co, ZnO@ZIF-8 and ZnO:Co@ZIF-8 showing the changes in the current density over time 
and the relative positions of the conduction band of the photoanodes. The numbers in the stability 
plot indicate the total current density lost at the end of the measurement (4000 seconds) with respect 
to the stable point at 1000 seconds for each photoanode. The Mott-Schottky measurements were 
taken at frequencies from 105 Hz to 0.1 Hz in the potential range of -0.5 V to -1.3 V vs Hg/HgO 
electrode. The dashed lines indicate the best linear fits, the intercepts of which indicate the relative 
positions of the conduction band. The orange coloured axis corresponds only to the ZIF-8 signal 
(orange coloured data). 
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Considering ZnO and ZnO:Co, it is shown that the introduction of the cobalt 
doping does not shift the position of the conduction band. This is in agreement with 
the optoelectronic analyses and band structure proposed in Chapter 6, where it was 
theorised that the reduction of the bandgap as a result of the introduction of the 
cobalt doping was induced by the presence of localized sp-d states267. Therefore, 
these states were the cause of the reduction in the bandgap, while the conduction 
band remained in the same relative position as for ZnO. This relative position was -
1.03 V (vs Hg/HgO reference electrode). When the ZIF-8 shell is integrated for 
ZnO@ZIF-8, the relative position of the conduction band shifted to a lower potential 
of -0.95 V. A similar result was observed for ZnO:Co@ZIF-8, with its relative position 
of the conduction band being almost identical to ZnO@ZIF-8. The relative position of 
ZIF-8 alone was included here for reference, showing that it is at a higher potential 
of -1.2 V.  
 Apart from the relative position of the conduction band, the Mott-Schottky 
measurements provide information on the density of carriers of a photoanode. This 
information can be extracted from the slope of the best linear fit, with smaller slopes 
indicating a higher density of charge carriers. In this regard, it can be seen that the 
density of photogenerated charge carriers for ZnO:Co is slightly higher than for ZnO. 
Considering the integration of the ZIF-8 shell, the slope of ZnO@ZIF-8 is larger than 
that of ZnO and ZnO:Co, indicating a somewhat lower carrier density. This can be 
attributed to the fact that the Co-doping induced a shift of the bandgap towards 
lower energies, which can directly lead to a larger photogeneration of carriers. 
However, this was not true for the ZIF-8 shell and, thus, this can explain the 
difference in the carrier density for both samples. Considering ZnO:Co@ZIF-8, the 
slope obtained from the Mott-Schottky measurements is much smaller than any of 
the other three, indicating a considerable increase in the concentration of charge 
carriers. Such an increase can only be attributed to the synergetic combination of 
ZnO:Co and the ZIF-8 shell that results in an effective change transfer between core 
and shell, with electrons freely transferring to the ZnO:Co cores while the 
photogenerated holes are injected into the ZIF-8 shell and, from there, to the 
electrolyte, where they initiate the water splitting process. This is facilitated by the 
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presence of the additional energy levels in the bandgap introduced by the cobalt 
doping. 
 The analyses carried out in this chapter, along with the discussion and models 
proposed in Chapter 6, are sufficient to propose a mechanistic model that described 
the behaviour resulting from the synergetic integration of Co-doping and ZIF-8 
surface functionalization and how this boosts the photoelectrochemical 
performance of the ZnO:Co@ZIF-8 core-shell NW-based photoanodes. This 
theoretical model is shown schematically in Figure 8.8. In Figure 6.11 of Chapter 6 it 
was proposed that cobalt doping of ZnO NWs introduces localized sp-d states in the 
bandgap of ZnO that are the source of the red-shift of the bandgap. This is shown in 
the left part of the band structure provided in Figure 8.8a. In this schematic band 
diagram, EV and EC refer to the energy of the valence and conduction band, 
respectively.  
The integration of the ZIF-8 shell with the ZnO core is presented in the 
schematic of the molecular structure presented in Figure 8.8b. In short, ZIF-8 grows 
from the ZnO core using the Zn present in the ZnO lattice. During this growth, the 
oxygen atoms from the ZnO structure react with the solvent, forming water in the 
process. As such, up to two N atoms from the ZIF-8 shell will be bonded to a Zn from 
the surface of the ZnO NWs293, as shows in the molecular schematic. In this way, the 
ZIF-8 shell grows to conformally coat the ZnO core. The energy levels of this ZIF-8 
shell are different to those of the ZnO:Co core, as evidenced by the Mott-Schottky 
measurements in Figure 8.7 b, where it was shown that the relative position of the 
conduction band of ZIF-8 was located at a higher energy level. In addition, the 
bandgap of ZIF-8 has been reported to be at around 3.3 eV271. This means that the 
band structure of ZIF-8 is almost identical to that of ZnO, albeit shifted towards higher 
energies. Therefore, this was accordingly represented in the band diagram of Figure 
8.8 a.  
After defining the proposed electronic band structure of the ZnO:Co@ZIF-8 
core-shell NW structure and their molecular schematic, it is necessary to discuss what 
happens to the photogenerated charge carriers once the NWs are subjected to 
illumination. Under illumination, electron-hole pairs are photogenerated at both the 
ZnO:Co core and the ZIF-8 shell, as demonstrated by the respective CSV under 
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illumination shown earlier in this chapter. The electrons generated in the ZnO:Co 
core have two available excitation pathways: the conduction band of ZnO:Co or the 
localized sp-d states in the bandgap introduced by the Co- doping287, 294. Otherwise, 
electrons with insufficient energy will simply recombine. Regarding the 
photogenerated holes, their only possibilities are transfer to the ZIF-8 shell or 
recombination. For the former to take place, the energy difference between the 
valence band of ZnO:Co and ZIF-8 has to be sufficiently small to allow the hole 
transfer to the shell. From the Mott-Schottky measurements it was observed that 
this difference is of 0.25 eV, which was deemed sufficiently small to allow band 
bending to take place, thus allowing the transfer of photogenerated holes to the ZIF-
8 shell. Therefore, the shell can be considered as a hole transfer layer that  
allows the injection of holes from the ZnO:Co core directly to the electrolyte through 
the ZIF-8 shell. This means that the ZIF-8 shell not only boosts the PEC performance 
of the core-shell photoanodes by suppressing the undesired cathodic current, but 
also by enhancing the charge separation properties of the NWs. This effect can be 
interpreted as an improvement of the 𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 that was detailed in Chapter 2.3.1. 
Thus, the combined effect of electron trapping from the surface defects, introduced 
by the Co-doping, and the hole injection of the ZIF-8 shell are the sources that greatly 
enhanced the PEC performance of this photoanode. 
This is particularly true for the IPCE: as it was seen, values above 75% efficiency 
were obtained for 360 nm to 300 nm region, indicating that the efficiency with which 
the incoming photons were converted to current was higher in that region owing to 
the higher charge separation efficiency and hole transfer of these core-shell NWs. 
Concerning the photogenerated carriers in the ZIF-8 shell, the holes are directly 
injected into the electrolyte to initiate the water splitting process. The electrons are 
transferred from the conduction band of the ZIF-8 shell to the conduction band of 
the ZnO:Co core. The charge carrier transfer processes described here for the 
electrons and holes in the ZIF-8 shell are made possible by the chemical structure of 
the imidazole linker that coordinates the ZIF-8 structure. It has been reported that 
the valence band of ZIF-8 is localized in the nitrogen atoms from the two amine 
groups of the imidazole, while the conduction band of ZIF-8 is formed by the empty 
orbitals of the Zn nuclei295. Based on this, any excited electrons will go from the amine  




Figure 8.8. a) Schematic of the proposed electronic band diagram showing the interface between the 
ZnO:Co core and the ZIF-8 shell, as well as the charge transfer processes occurring between one 
another. b) Schematic of the molecular structure of the ZnO:Co@ZIF-8 core-shell structure, showing 
the hexagonal wurtzite structure of ZnO and the coordinated ZIF-8 shell. For clarity purposes, this 
schematic only represents a tetrahedral unit of ZIF-8 in two dimensions. The flow of charge carriers is 
presented here to support the proposed electronic band diagram.  
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groups of the imidazole to the Zn nuclei of the ZIF-8 structure due to the 
photoexcitation and, from there, to the ZnO:Co, via a process known as ligand-to-
cluster charge transfer296. At the same time, the photogenerated holes (or those 
injected from the ZnO:Co) will be directly transferred to the electrolyte through the 
amine groups of the ZIF-8 structure and initiate the water splitting process. For this, 
water molecules will be adsorbed by the amine groups of ZIF-8 through their 
hydrogen atoms. The charge carrier transfer and injection processes here described 
are represented in the proposed electronic band diagram and molecular schematic 
by blue and red circular symbols with an e- or h+ that respectively represent the 
photogenerated electrons and holes.  
8.9 Conclusions 
In this chapter, the results forming a thorough study of the photoelectrochemical 
performance of different ZnO NW-based water splitting photoanodes are discussed. 
The focus of this study was to determine the influence that cobalt doping and surface 
functionalization with a MOF, ZIF-8 in particular, have on the performance of the 
photoanodes with the aim of designing the optimal functional performance. This 
discussion is supported by the optoelectronic analysis detailed in Chapters 6 and 7. 
For this discussion, first, the PEC properties of the ZnO NWs were described. It was 
shown that the ZnO NWs yielded a maximum current density of 0.08 mA cm-2 at 1.33 
VRHE, with an IPCE of 38% at 350 nm. These metrics were used as the basis for the 
subsequent comparative study. Cobalt doping was the first PEC performance 
enhancement investigated. For this, different nominal values of cobalt doping (1%, 
5% and 20%) were proposed as candidates, based on the optoelectronic study of 
Chapter 6. It was demonstrated that the 1% nominal Co-doping provided the best 
performance out of the different values studied, yielding a maximum current density 
of 0.12 mA cm-2 at 1.33 VRHE, with an IPCE of 51% at 350 nm. This proved to be a 
considerable improvement of the PEC performance for ZnO NW-based photoanodes. 
This was attributed to the enhanced charge separation properties of this photoanode 
compared to ZnO, owing to the localized sp-d states introduced in the bandgap by 
the cobalt doping, which act as electron traps that prevent the recombination of the 




the undesired cathodic current that is attributed to stable oxygenated reaction 
intermediates, which are the cause of the photocorrosion of the NWs. This was 
attributed to the increasing density of surface defects (the localized sp-d states) that 
acts as anchoring points that stabilize these oxygenated intermediates. 
 The surface functionalization of the ZnO NWs with a ZIF-8 shell was the next 
enhancement studied. For this, only a 1 M ZIF-8 shell was used, based on the 
morphological analyses shown in Chapter 7. The addition of the shell was proven to 
greatly boost the performance of the photoanodes, with the ZnO@ZIF-8 core-shell 
structure showing a maximum current density of 0.12 mA cm-2 at 1.33 VRHE, with an 
IPCE of 48% at 350 nm. In addition, it was shown that the ZIF-8 shell suppresses the 
cathodic current observed for the undoped and Co-doped ZnO NWs, which was 
explained by the passivation of the characteristic surface defects of ZnO. 
 The performance values obtained for ZnO@ZIF-8 resemble those obtained for 
the ZnO:Co NWs, but the physical basis for the enhancement was different, 
suggesting that if both strands were brought together, the PEC performance of the 
NW-based photoanodes could be synergistically boosted by this combination. This 
was proven by integrating 1% ZnO:Co doped cores with a 1 M ZIF-8 shell in 
ZnO:Co@ZIF-8. The combined effect of both enhancements boosted the PEC 
performance of the photoanodes, resulting in a maximum current density of 0.15 mA 
cm-2 at 1.33 VRHE, with an IPCE of 75% at 350 nm. These represent a current density 
almost double the value that is generated with a very large efficiency, demonstrating 
the synergetic contribution of Co-doping and ZIF-8 surface functionalization. In 
addition, the aforementioned cathodic current was suppressed by the ZIF-8 shell, 
which was translated into an improved stability over time that was twice as good as 
that of the ZnO NWs. Nonetheless, it was necessary to explore the possibility that a 
different ZIF-8 shell could provide a better performance. For this, shells deposited 
with an organic linker concentration of 0.25 M and 0.5 M were studied. The results 
showed that the 1 M sample was the best performing photoanode and, as such, it 
was the one studied in detail.  
Finally, a theoretical functional model for the electronic band diagram and the 
molecular structure of the core-shell was proposed with the goal of summarizing the 
physical processes related to the photogeneration and transfer of carried in the 
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ZnO:Co@ZIF-8 NWs. The schematic band diagram, which was based on the 
optoelectronic and Mott-Schottky analyses and the literature, showed that the ZIF-8 
shell acts as a hole injection layer, directly transferring the photogenerated holes 
from the ZnO:Co core to the electrolyte, where they initiate the water splitting 
process. At the same time, the electrons generated in both the core and the shell are 
transferred to the ZnO:Co core and, from there, to the conducting substrate. This 
model highlights the synergetic combination of cobalt doping and ZIF-8 surface 
functionalization that was observed in the photoelectrochemical characterization 




































In this thesis, the growth of ZnO nanowires (NWs), their doping and surface 
functionalization were studied with the aim of developing highly efficient 
photoelectrochemical (PEC) water splitting photoanodes. To understand the PEC 
performance of the ZnO NW-based photoanodes, first a growth study of ZnO NWs 
was carried to underpin how the different parameters that govern the growth affect 
the dimensions and orientation of the as-grown NWs. As the control over the growth 
of the ZnO NWs was demonstrated, the next step was to modulate their 
optoelectronic properties by separately introducing two different transition metals 
as dopants, copper and cobalt. Different quantities of the two dopants were studied 
and their influence on the ZnO NWs was analysed from a structural and optical point 
of view to assess whether there was any optimal value that showed promise towards 
enhancing the PEC performance of the ZnO NWs. The final step before analysing the 
water splitting capabilities of the ZnO NW-based photoanodes was a detailed study 
on the surface functionalization of the NWs using two different materials, iridium and 




influence that these two different surface functionalizations have on the 
optoelectronic properties of the ZnO was studied to understand their viability as 
possible enhancements of the PEC performance of the ZnO NWs. Finally, the PEC 
water splitting performance of the different sets of ZnO NWs (undoped, doped, 
functionalised and doped and functionalised) was studied in order to find an optimal 
combination that would represent the best attainable performance possible with the 
materials used in this thesis.  
 The growth study of ZnO NWs was presented in Chapter 5. The ZnO NWs were 
grown in this by a seeded mediated chemical bath deposition (CBD). As such, the first 
influence that was studied was that of the seed layer on which the NWs grew. This 
textured ZnO seed layer was deposited using atomic layer deposition (ALD) and the 
parameter space enabled by this technique was studied in terms of the deposition 
temperature, number of ALD cycles and pulse and purge times of the precursors. 
While these parameters were varied, the CBD conditions were maintained constant 
at 2 h synthesis time and 25 mM equimolar concentration for both reagents. As a 
result of this study, it was observed that it was possible to control the dimensions 
and growth orientation of the ZnO NWs by changing the ALD seed layer deposition. 
As such, careful modulation of these parameters allowed the growth of ZnO NWs 
ranging from vertically oriented NWs with a diameter of 23±4 nm and a NW density 
of ~327 µm-2 to randomly aligned NWs of 44±11 nm in diameter and a ~42 µm-2 NW 
density. The size statistics of the as-grown ZnO NWs were correlated with the 
morphological properties of the ALD seed layers (roughness, seed density and 
texture), reaching a conclusion by which, under the CBD conditions utilised in this 
study, it was observed that the correlation between seed density in the seed layer 
and the NW density was approximately 0.5. This means that around half of the 
surface features identified as seeds on the seed layer were used to grow NWs.  
To further understand the growth of the ZnO NWs, the CBD growth time and 
concentration of the precursors were varied from 2 h to 24 h and from 25 mM to 50 
mM, respectively. These experiments were carried out on ALD seed layers deposited 
under the same parameters to ensure that only the CBD conditions affected the NW 
growth. It was thus observed that increases in the CBD growth time and the reagent 
concentration resulted in larger diameter and length of the as-grown NWs and, as a 
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result, a reduced NW density. Based on these two studies (ALD and CBD conditions), 
it was demonstrated that the dimensions and orientation of the ZnO NWs could be 
tailored to the desired application with this process, which can be significantly 
appealing for different applications229. However, and due to external circumstances, 
the ALD system could not be used and, hence, an alternative route to the deposition 
of the ALD seed layers was developed in the form of sol-gel processing. This 
technique is based on the spin coating and subsequent thermal treatment of a 
solution containing ZnCl2. After the thermal treatment, a textured ZnO seed layer was 
obtained. A subsequent NW growth study was carried out to understand how the 
sol-gel processing influenced the NW growth. As a result, it was observed that two 
different types of ZnO NWs were obtained, hexagonal and tapered, with the first 
ones being those characteristic of the ZnO NW growth. As a final analysis, the 
crystallinity of the NWs was studied by means of transmission electron microscopy 
(TEM) and x-ray diffraction. This showed that the ZnO NWs are single crystal and have 
a wurtzite crystalline phase, which is the desirable crystal quality and phase for any 
ZnO NW-based application. 
 The ZnO NWs were doped with two transition metals, copper and cobalt, to 
modulate the electronic band structure and carrier dynamics of the NWs. Copper-
doped ZnO NWs were first discussed and it was shown that, for the CBD conditions 
used (24 hours growth time and 50 mM concentration), these Cu-doped NWs have 
large diameters of the order of 500 nm, and very low NW densities of ~2 µm-2. This, 
along with the SEM images provided, showed that instead of individual, separate 
NWs, an almost continuous film of Cu-doped ZnO NWs was formed. The introduction 
of copper did not lead to a significant and clear improvement of the optoelectronic 
properties of the ZnO NWs, as observed from the ultraviolet-visible (UV-vis) and 
photoluminescence (PL) spectroscopy. It was observed that only nominal 2% and 5% 
Cu-doping improved the light absorption as per the UV-vis. In addition, the PL analysis 
demonstrated that increasing amounts of copper doping induced a shift of the 
bandgap of the ZnO towards lower energies, meaning that the bandgap was red-
shifted and, therefore, reduced. However, due to the poor light absorption 
properties and the comparatively large size of these NWs, these were not deemed 




In contrast, cobalt doping showed more potential. A growth study of Co-doped 
ZnO NWs (with both ALD and sol-gel seed layers) showed that the dimensions of 
these doped NWs were similar to those of the undoped ZnO NWs. Moreover, the UV-
vis and PL analysis on these samples showed promise for the nominal 1% Co-doping 
as the introduction of this amount of cobalt doping resulted in a red-shift of the 
bandgap and light absorption that was larger than that of undoped ZnO across the 
whole visible spectrum. Fast-transient absorption spectroscopy (FTAS) and spatial 
cathodoluminescence (CL) spectroscopy were used to deepen the understanding of 
the effects that Co-doping had on the ZnO NWs. These analyses were carried out for 
nominal 1%, 5%, 10% and 20% Co-doped NWs and these showed that the bandgap 
of ZnO can be reduced from its original 3.3 eV to 3.15 eV for 1% Co-doping and 
further down to 2.95 eV for the 20% Co-doped sample. From this optical study it was 
concluded that the introduction of cobalt doping leads to a strong exchange 
interaction between the sp orbitals of ZnO and the d orbitals of cobalt. As a result, 
the electronic band structure of ZnO was modified by the addition of a set of localized 
states that act as carrier traps. These states are also the source for the red-shift in 
the bandgap and, help explain the increasing red-shift effect with increasing Co-
doping, as the larger the amount of cobalt is, the higher the density of these trap 
states, as observed in the spatial CL measurements. These results demonstrate that 
the introduction of Co-doping can be a successful strategy for the improvement of 
the PEC performance of ZnO. 
 The surface functionalization of the ZnO NWs (undoped and doped) was 
studied with two different materials in an effort to devise an additional strategy that 
could be combined with doping to further boost the PEC performance of the NWs. 
The functionalizing material investigated was iridium, which was deposited in the 
form of self-assembled nanoparticles (NPs) on the lateral faces of the ZnO NWs. 
Iridium is a well-known PEC catalyst and, as such, this integration was thought of as 
a catalytic sensitization of the NWs. It was demonstrated by high-resolution TEM 
imaging that, by controlling the deposition parameters of the sputtering process, the 
Ir NPS conformally coated the lateral faces of the NWs with sizes varying from 2.0 nm 
to 3.4 nm. The smaller Ir NPs also show an interesting improvement in the light 
Chapter 9. Conclusions and further work 
250 
 
absorption as seen in the UV-vis analysis. However, due to the global situation 
related to COVID-19, this research line could not be taken any further here.  
 The second functionalizing material that was studied was ZIF-8, which is a zinc-
based MOF. The growth of this material was based on using the ZnO NWs as template 
material to obtain a complete, continuous and conformal coating of the MOF around 
the NWs by surface conversion, yielding a core-shell structure. To achieve this 
integration, two different solution-based techniques were used: drop casting and 
spin coating. It was observed that drop casting yielded quasi-continuous films of ZIF-
8 that covered and bridged the individual ZnO NWs and, as such, it was not deemed 
a good approach for the integration of ZIF-8 and ZnO NWs. In contrast, spin coating 
yielded a conformal coating that only covered individual NWs, without forming any 
quasi-continuous layer. Moreover, it was demonstrated that spin coating also 
provided a much better long-range homogeneity across whole samples. Thus, this 
process was selected as the route to integrate ZIF-8 shells and ZnO NWs. Three 
growth parameters, spin speed, organic linker concentration and shell growth time, 
were used to tune the thickness of the ZIF-8 shell coating the ZNO core. Results 
showed that the best conditions were demonstrated to be 5000 rpm, 1 M and 15 
minutes of growth time, which resulted in a ZIF-8 shell of approximately 2 nm in 
thickness.  
It was then decided to combine doping and surface functionalization in an 
effort to obtain the best possible performing photoanode. The resulting 
ZnO:Co@ZIF-8 core-shell NWs showed a large improvement in the light absorption 
and, in addition, much faster carrier dynamics. This was attributed to the influence 
of the Co-doping previously described along with the availability of multiple non-
radiative recombination pathways, meaning that the charge separation of the 
photogenerated electron-hole pairs was considerably better than for any other 
samples investigated. 
 Once the different sets of undoped, doped, surface functionalised and doped 
and surface functionalised ZnO NWs had been studied from a morphological and 
optoelectronic point of view, their PEC performance as water splitting photoanodes 
was analysed. For this analysis, metrics such as the photogenerated current density 




showed that the separate integration of Co-doping and ZIF-8 surface 
functionalization considerably increased the photocurrent generated from 0.080 mA 
cm-2 for ZnO to 0.120 mA cm-2 for both 1% ZnO:Co and ZnO@ZIF-8 1 M. In addition, 
the values of the IPCE were drastically improved for both sets of integrations. IPCE 
values of 51% and 48% were obtained at 350 nm for 1% ZnO:Co and ZnO@ZIF-8 1 M, 
respectively, compared to the 38% observed for ZnO. Moreover, the IPCE in the near 
UV region was remarkably increased for these two enhancements, yielding values of 
52% and 53% for 1% ZnO:Co and ZnO@ZIF-8 1 M, respectively, which dwarfs the 11% 
observed for the base ZnO NWs. When both enhancements were brought together 
in the form of the ZnO:Co@ZIF-8 core-shell NWs, the PEC performance of these 
photoanodes was boosted further, showing a current density double that of ZnO 
(0.150 mA cm-2), with outstanding IPCE values of 75% at 350 nm and 78% at 305 nm. 
This demonstrated that the combined integration of Co-doping and ZIF-8 surface 
functionalization was a new valid strategy to develop enhanced ZnO NW-based PEC 
water splitting photoanodes that could be competitive with other more expensive 
materials, especially provided their large efficiency.  
Further analyses were carried out to develop a theoretical electronic band 
structure model that explained the enhanced performance of these photoanodes. It 
was proposed that the ZIF-8 shell protected the photoanodes from photocorrosion, 
enhanced the charge separation and, thus, the efficiency with which holes were 
transmitted to the electrolyte. As such, the ZIF-8 shell acted as a hole injecting layer, 
while the cobalt doping contributes by introducing trap states into the bandgap that 
reduced the recombination rate of the charge carriers. In addition, it was also 
demonstrated that the ZIF-8 shell was photoactive and that it generated charge 
carriers when under illumination, which contributed to the increase in 
photogenerated current density. Therefore, the PEC results along with the proposed 
theoretical model are expected to serve as a steppingstone in the development of 
new and enhanced semiconductor water splitting photoanodes, whose properties 
can be directly modulated by the introduction of a dopant or a functionalising agent.  
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9.2. Further work 
The thesis has demonstrated the growth and enhancement of ZnO NWs towards 
their application as PEC water splitting photoanodes. Nonetheless, there are many 
avenues stemming from this work that could be studied to further boost the 
performance of the ZnO NWs in an effort to make them competitive against other 
semiconductors of higher cost. 
 The PEC analysis were carried out on a single set of CBD growth conditions. In 
this thesis it was shown that the seed mediated CBD growth of the ZnO NWs allowed 
large control over the dimensions and orientations of the as-grown NWs. As such, it 
would be interesting in the future to study ZnO NWs grown under different CBD 
conditions than those presented in the PEC study as it is possible that the aspect ratio 
of these NWs can affect the water splitting performance. This could mean that 
thinner and longer NWs or shorter ones, for example, could yield a better 
performance that the ones that were utilised in this thesis. In addition, the 
orientation of the as-grown NWs could play a role on this performance and, as such, 
it would be an interesting topic to explore. 
 Cobalt and copper doping were selected as substitutional dopants in this study 
due to the ease with which these can be integrated in the ZnO wurtzite lattice. One 
missing feature from the analysis on doped-NWs is the accurate determination of the 
real percentage of doping integrated in the NWs. This would be necessary to further 
the understanding of the doping process as well as the decrease of the PEC 
performance with increasing nominal doping concentration. In addition, it has been 
demonstrated that there are a multitude of possible dopants that can also be 
integrated with ZnO and, hence, it would be remarkably interesting to study other 
dopant agents and compared their PEC performance with the Co-doped NWs here 
presented. Some of these dopants could be iron, nitrogen or lithium, to name a few.  
 Regarding the surface functionalization, the most obvious piece of further work 
would be to assess the PEC performance of the Ir-decorated ZnO NWs. Iridium is a 
well-known PEC catalyst and, as such, it is expected to enhance the performance of 
the ZnO NWs. However, there may be degradation or instability problems that could 
hinder this and, thus, a detailed study on these samples would be beneficial. To 
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further this, the integration of iridium and a MOF could also greatly boost the 
performance of the ZnO NWs. This could be achieved by joining both 
functionalization processes described in the thesis, resulting in an iridium decoration 
protected by a ZIF-8 layer, for example, that would ensure that any the iridium 
catalyst is protected from any electrochemical degradation or corrosive process.  
 On the note of surface functionalization, only a single MOF, ZIF-8 was studied.  
Further research is required to exactly determine the nature of the ZIF-8 shell as, in 
this work, this nature has only been suggested by the experimental techniques 
utilised. Moreover, the MOF field is vast and it would be quite interesting to explore 
other MOFs as possible surface functionalization. An example of this could be ZIF-67, 
a MOF from the same family as ZIF-8 that is based on cobalt. Its most interesting 
property is that its light absorption is centered around 550 nm, which could greatly 
enhance the light absorption and charge carrier photogeneration of the ZnO NWs. In 
addition, it could be interesting to explore MOFs from other families that could 
perhaps provide a different benefit to the PEC water splitting performance of the 
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L.; Li, X.; Badique, F.; Anselme, K.; Nygård, J.; Martinez, K. L., Tuning InAs 
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